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Abstract
The transmission of low energy photons is one of the major challenges facing
emerging photovoltaics technologies such as dye-sensitized, perovskite and organic
solar cells (SCs). This transmission loss could be overcome using some of the thirdgeneration approaches based on “photon-management”. Photon Up-Conversion
(UC) and their non-radiative analog, molecular Intermediate Band (IB), are
amongst these approaches that could elevate the upper theoretical efficiency limit
of a single-junction SC as high as 50 % under non-concentrated sunlight
illumination.
Although different methods for photon UC do exist, UC based on sensitized triplettriplet annihilation (sTTA) is of particular interest. This is due to their appreciable
UC efficiencies at a relatively low light intensities and in diffuse lighting
conditions, which is very appropriate for the real world solar applications.
Additionally, they have a relatively strong absorbance, high TTA efficiency, as well
as broad absorption range and incoherent nature.
To date, a number of high quantum efficiency sTTA-UC systems have been
demonstrated, including at non-concentrated solar illumination intensity. These
systems are however yet to be successfully translated to high-efficiency
photovoltaic devices. This thesis will focus on understanding and overcoming some
of the key challenges associated with integrating sTTA-UC with the SCs, such as
1) the underestimation of the photogenerated current response when using the
chopped-light external quantum efficiency (EQE) measurements 2) the fact that
EQE enhancement values due to the integration of the UC systems are still well
below the reported UC quantum yields (QYs) values and 3) the expected quenching
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of the sTTA-UC due to redox mediators in DSC-UC integrated systems. This thesis
aims to understand and provide insight into these limitations and challenges of the
UC-assisted and UC-integrated SCs, specifically dye-sensitized SCs (DSCs), as
well as providing solutions to overcome them. The work presented in this thesis is
structured as follows:
Chapter 4 introduces a new approach that allows for a more accurate measurement
of photogenerated current in certain circumstances compared to the lock-in
technique. This is because the lock-in technique underestimates the photogenerated
current values when low bias light intensities and/or high chopping frequencies are
used with SC devices such as DSCs, which have a slow response. The new EQE
software uses an approach where the response of the measured device is
extrapolated using an exponential regression fitting and the equilibrium
photocurrent is extrapolated. The software was verified using a silicon photodiode
(Si PD), DSC and DSC-UC devices and several experimental results support the
validity of the software. Furthermore, the application of the approach used in the
new EQE software is not only restricted to the SCs applications as it can also be
used to other systems that show a slow response to the changes in the incident light
intensity, where using a lock-in detection technique leads to a significant
underestimation of the generated signal.
𝑈𝑈𝑈𝑈
An optical model that estimate the photocurrent enhancement (Δ 𝐽𝐽𝑆𝑆𝑆𝑆
)of the UC-

assisted and UC-integrated solar cells has been developed in Chapter 5. The model

uses the optical properties of the components of the DSC-UC integrated devices.
The model predicted that DSCs using a phenyl-conjugated oligoene (2d) dye
𝑈𝑈𝑈𝑈
showed a higher Δ 𝐽𝐽𝑆𝑆𝑆𝑆
compared to those based on an Indoline dye D149 (D149) if
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any of them were integrated with two different UC systems [UC-2 (PdPQ4 +
rubrene) and UC-3 (PdPQ4 + PMI), where PdPQ4 is a Pd porphyrin and PMI is
perylene monoimide] was used. It also predicted a 20 % increase in the transmission
and the EQE of the DSCs in the Q-band absorption of the sensitizer and the UC
𝑈𝑈𝑈𝑈
emission, respectively, can increase the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
up to 3 times. Moreover, a blue-shift

𝑈𝑈𝑈𝑈
of the emitter can significantly improve the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
of the 2d-DSC when using either

of the UC systems. The developed optical model would be of significant help to
predict which UC system would be more suitable for integration with a given solar
cell.
In Chapter 6, the challenges and limitations facing the IB-DSCs based on the sTTA
process have been discussed and studied using the proxy of an sTTA-UC solution
in the presence of three different redox-active environments, specifically: iodidetriiodide (I-/I3-), cobalt(II/III) tris-bipyridine (Co(bpy)32+/3+) and tris(p-anisyl)amine
(TPAA0/+). Additionally, the sTTA-UC solution in the presence of neutral TPAA is
examined. This study showed that the redox mediator type and concentration have
a significant effect on the yield of the sTTA-UC process. To date, reports of IBDSCs based on sTTA have almost exclusively used cobalt redox mediators.
However, the results in Chapter 6 showed that using I-/I3- to be promising for sTTAUC applications in a redox mediator environment, where 10 - 15 % of the UC
emission can be sustained when close to device relevant concentrations of I-/I3- were
used. TPAA0/+ was selected as a representative of a new generation of heavy
element-free redox mediators as it was hoped that mediators only containing light
elements will help minimizing the UC emission quenching, due to weak spin-orbit
coupling in heavy metal-free mediators. However, this was not the case as TPAA0/+
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showed high quenching effects similar to that of Co(bpy)32+/3+ mediator.
Furthermore, 10 - 40 % of the UC emission can be sustained when neutral TPAA
was used.
The effects of the redox mediator on the individual components of the UC system,
being the Tetrabenzotetraphenylporphyrin platinum (II) (PtTBTPP) sensitizer and
4,4′-(anthracene-9,10-diylbis(ethyne-2,1-diyl)) dibenzoic acid (BDCA) acceptor, is
explored in further detail in chapter 7. It was also found that the I-/I3- mediator
showed the lowest quenching rate constants of the sensitizer’s excited-state of 2.4
× 107 M-1 s-1, followed by 6.5 × 107 M-1 s-1 for TPAA0/+, while Co2+/3+ showed the
highest (1.42 × 108 M-1 s-1). On the other hand, using the neutral TPAA showed 23 orders of magnitude lower quenching rate constant (3.73 × 105 M-1 s-1). A
comparison between the quenching rates of either PtTBTPP or BDCA by the neutral
TPAA and the TPAA0/+ redox mediator was made. From this, it was found that that
the emission quenching of the UC components, and consequently, the UC emission,
is mainly due to the electron transfer from the triplet excited sensitizer/acceptor to
the redox mediator. Additionally, the energy transfer between the redox mediator
and the sensitizer/acceptor was considered as a less effective pathway for the sTTAUC emission quenching.
Moreover, high concentrations of Co2+ caused a dramatic change in the PtTBTPP
sensitizer emission and photoluminescence excitation spectra, as well as a
significant decrease in the absorption feature assigned to the PtTBTPP Q-band. This
indicated that the emission quenching by Co2+ paramagnetism cannot be ruled out.
This could be due to the Co2+ paramagnetic properties that can affect/change the
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spin-orbit coupling properties of PtTBTPP triplet state and cause fluorescence
emissions or deactivate the excited states by non-radiative quenching process.
Additionally, NMR data suggested that the formation of 2,2'-bipyridine, as well as
byp-Pt(II) complex due to the reaction of Co(bpy) mediator with the PtTBTPP in
the mixed solution. These results showed that using Co(bpy) mediators is not the
best option for sTTA-IB DSCs integrated systems, however, using the iodine
mediator could be promising. This is to say, the sTTA-UC process efficiency is
significantly affected in a redox-active environment and that it would be
challenging to have an efficient sTTA-IB-DSC integrated device.
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Chapter 1 Introduction
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1.1.

Overview

Global energy demands are increasing rapidly. In 2019, the global energy
consumption was 157 PWh [1]. The vast majority of the energy today is still
generated from the burning of fossil fuels. Burning fossil fuel to generate energy
has always been associated with environmental and public health risks such as
global warming and air pollution. Therefore, the search for alternative energy
sources, particularly solar energy as a sustainable and clean source, has become
vital [2].
Sunlight has the potential to meet humanity’s energy demands if it is used
effectively. Based on the world energy consumption statistics [3], and some simple
calculations that performed by Land Art Initiative Generator (LAIG) [4], we would
need to cover a land area of ~ 0.5 million square kilometers to cover the whole
world energy consumption if 20% efficient solar cells (SCs) were being used. This
area is as small as 1.2 % of the Sahara desert. Therefore, SCs technology has been
growing exponentially and plays such a crucial role in the clean energy future [5].
Most commercially available SCs are based on a single-junction structure, which
wastes a major parts of incident solar energy. Such single-junction devices have a
theoretical efficiency limit of up to 33.7 % under AM1.5G spectrum [6]. This
limitation is mainly due to the transmission (i.e. lack of absorption) of the subbandgap photons and charges thermalization of the high-energy photons, as well as
some other inherent energy losses, such as emission loss, Carnot loss, and Boltzman
loss [7, 8].
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The transmission of low energy photons dominates the power conversion losses for
bandgaps greater than 1.3 eV, which includes most of the dye-sensitized, organic
photovoltaics (OPV), thin-film and high bandgap organic SCs. Taking dyesensitized SC (DSC) as an example, a device with a typical absorption onset of 1.65
eV suffers from a sub-bandgap photon transmission of around 65 % of AM1.5
photon flux, which represents around 45 % of the incident solar power. On the other
hand, thermalization is the dominant loss for low-bandgap materials [9].
Low energy photons losses can/may be overcome using some third-generation
approaches based on “photon-management”. Photon Up-Conversion (UC) and
molecular Intermediate Band (IB) integrated systems are amongst these approaches
that could elevate the upper theoretical efficiency limit of a single junction SC as
high as 50% under non-concentrated sunlight illumination, as demonstrated by
Tayebjee et al. [7].
UC based on sensitized triplet-triplet annihilation (sTTA) is one of the promising
UC systems. This is due to their appreciable UC efficiencies at relatively low light
intensities and in diffuse lighting conditions, which is very appropriate for the real
world solar applications [10], as well as a relatively strong absorbance [11]. This is
in addition to their high sTTA efficiency [12], broad absorption range and
incoherent nature [13, 14].
DSCs are characterized by their architectures, ease of fabrication and integration
with other systems [15], as well as their efficiency in the low light intensity regime
[16]. Furthermore, DSCs suffer significantly from the transmission of low energy
photons. Therefore, this makes them offer unique possibilities to produce proof-of3

concept devices, as well as make them well suited to benefit from the integration
with UC systems.

1.2.

Scope and Thesis Structure

UC has garnered a great deal of attention for various applications, such as solar
photon harvesting, photochemistry, and biological imaging. UC has been integrated
with SCs to increase their light-harvesting efficiency and improve their response.
To date, a number of high quantum efficiency UC systems have been demonstrated,
including at non-concentrated solar illumination intensities. These are, however,
yet to be successfully translated to high-efficiency photovoltaic devices, where
challenges exist and only modest improvements have been obtained [15-23]. The
thesis scope is to identify and provide insight into these limitations and challenges
of the UC-assisted and UC-integrated SCs, specifically DSCs, and provide
solutions to overcome them. This will be discussed in this thesis as follows:
Chapter 2: A comprehensive background of the state-of-the-art and recent progress
of UC, including the UC types (specifically the ones based on sensitized triplettriplet

annihilation

“sTTA-UC”),

advantages,

operational

principle,

characterization methods, as well as, the challenges and limitations are presented.
Chapter 3: This describes the experimental methodology of the samples and
solutions preparation, device fabrications, materials synthesis, as well as the
equipment used throughout the thesis and the experimental conditions throughout
the different experiments.
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Chapter 4: This introduces the use of a new approach that allows for more accurate
measurements of the chopped-light external quantum efficiency (EQE), particularly
the EQE enhancement in the SCs due to the UC-assisted and UC-integrated
systems. This will be particularly applied to DSCs due to their slow response to
changed lighting conditions, which does not allow accurate measurements when
using other techniques such as lock-in amplification with a chopped light source. It
also shows the advantage, challenges, and limitations of using this approach over
the reported ones.
Chapter 5: Here, an optical model is developed to predict the photocurrent
enhancement of the UC-assisted and UC-integrated SCs, specifically DSCs. By
using this model, a combination of two different DSCs and two different UC
systems (to give four different DSC-UC integrated systems in total) have been used
and a prediction of the photocurrent enhancement due to the UC systems were
calculated. Furthermore, the photocurrent enhancement of the SC was calculated
after assuming different improvements in the DSC-UC integrated systems, such as
the use of DSCs that have higher transmission and EQE, red-shifted sensitizer, and
blue-shifted emitter.
Chapter 6: This chapter discussed the challenges and limitations facing the sTTAUC systems in the presence of a redox-active environment. This was studied using
three distinctly different redox mediators, specifically: iodide-triiodide (I-/I3-),
cobalt(II/III) tris-bipyridine (Co(bpy)32+/3+) and tris(p-anisyl)amine (TPAA0/+). In
this chapter, the redox mediator type and concentration were shown to have a
significant effect on the sTTA-UC process.
5

Chapter 7: The effects of the redox mediators on the individual components of the
UC system, being a Pt porphyrin sensitizer (PtTBTPP) and an anthracene based
acceptor (BDCA), is explored in further detail. Possible processes that could
compete with sTTA-UC or sTTA-IB pathways in a redox-active environment were
studied and discussed in detail to determine what are the processes responsible for
the significant quenching of the UC emission.
Chapter 8: This chapter summarizes the overall conclusions of the thesis and the
outlook for future work.
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2.1.

Background

In chapter 1, a general overview of the global demand for clean and sustainable
energy resources as an alternative for the use of fossil fuel has been introduced. It
has also pointed to the solar energy, a clean and renewable energy resource, as the
potential to meet humanity’s energy demands if it is used effectively.
Therefore, solar cells (SCs) technology will play such a crucial role in the clean
energy future [1]. For these reasons, efforts have been devoted to increasing the
efficiency of the SC, and consequently, decreasing the overall cost (i.e.
manufacturing costs, as well as the pay-back time). Hereafter, the SCs limitations
and some of the third-generation approaches as proposed solutions, such as photon
management using photon UC, as well as state-of-the-art challenges and limitations
will be discussed in detail over the following sections.

2.2.

Solar Cells Limitations

Most available SCs are based on a single-junction structure that limits their
maximum theoretical efficiency (Shockley-Queisser (SQ) Limit) to 33.7 % [2].
This limitation in the SCs' theoretical efficiency is mainly due to the transmission
(i.e. lack of absorption) of the sub-bandgap photons and charge thermalization of
the high-energy photons, as well as, some other inherent energy losses, as shown in
Figure 2.1.
Dye-sensitized solar cells (DSC), since their first report in 1991 [3], is one of the
solar cells that suffer considerably from the low energy photon transmission. For
example, a DSC with an absorption onset of 1.65 eV suffers from a sub-bandgap
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photons transmission of ~ 65 %, which represents around 45 % of the incident solar
power (Figure 2.1) [4].

Figure 2.1: Shows the efficiency losses of a single-junction solar cell as a function of the
bandgap energy, and a transmission loss of 65 %, corresponding to 46 % of the incident
solar power when using a DSC of a bandgap of 1.65 eV. Adapted from [5].

2.3.

Proposed Solutions

In order to overcome these losses, third-generation approaches are all proposed
directions that are of increasing interest for improving the solar cell conversion
efficiencies via “photon-management”. The aim of this thesis will be focused on
some of these approaches, particularly Photon Up-Conversion (UC) and molecular
Intermediate Band (IB) systems based on sensitized triplet-triplet annihilation
11

(sTTA), to get over the transmission loss as one of the two major losses in solar
cells. UC and IB were found to be very promising technologies amongst the thirdgeneration approaches, where ~ 50 % relative increase in the solar cell’s efficiency
could be achieved, as shown in Figure 2.2. Subsequently, the integration of sTTAUC and DSC has been pursued by researchers, leading to sTTA-UC-DSC [6-12]
and sTTA-IB-DSC [13-18] integrated architectures.
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Figure 2.2: The theoretical limiting efficiencies of single-junction solar cells (ShockleyQueisser (SQ) limit) (red) and the corresponding energy thresholds if the symmetric
intermediate band (green) or symmetric photon up-conversion (blue) systems are integrated
in a single-junction solar cell. Adapted from [19].

DSCs offer unique possibilities for the integration with the IB and UC systems as
they significantly suffer from the low energy photon transmission mentioned
earlier, in addition to their architectures, ease of fabrication, considerable spectral
response [20], and their efficiency in the low light intensity regime [21].
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Consequently, the need to understand how DSCs work is vital. Therefore, the
operational principle of DSCs will be introduced in the following section before the
in-depth study of the DSC-UC and DSC-IB integrated systems.

2.4.

Dye-sensitized Solar Cell Operation Principle

Since Grätzel and O’Regan reported the first DSC in 1991, DSCs have attracted
much research attention because of their flexibility, light weight, and ease of
fabrication process [22] [3]. DSC is composed of nanoporous TiO2 layer sensitized
with bound dye molecules, deposited on a transparent conductive oxide (TCO) as
the anode, and a second piece of TCO deposited with platinum as the counter
electrode. Between these is a redox electrolyte connecting the two electrodes
internally.
The operating principle of a DSC is based on the photoexcitation of a dye, which is
typically attached to the surface of a mesoporous TiO2 layer. Consequently, photoinjection of electrons from the excited dye to the conduction band of the TiO2 film
can occur, leaving the dye in its oxidized state. The dye is then reduced back to its
ground state by an electron transfer from a redox-active species in the electrolyte,
as shown schematically in Figure 2.3. The regeneration of the oxidized mediator
in this reaction, where the regenerative cycle is completed, is then achieved by the
electron transfer (e-T) at a catalytic counter electrode.
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Figure 2.3: Schematic demonstration of the interior of a dye-sensitized solar cell (DSC)
showing the operation principle of the device.

The external quantum efficiency (EQE), also known as the incident photon-tocurrent conversion efficiency (IPCE), is an important characterization of the
photoelectrical performance of SCs. Therefore, the following section will be
discussing the use of the EQE technique for DSCs characterizations in greater
details.

2.5.

External Quantum Efficiency

The external quantum efficiency (EQE) (the ratio of the collected charge carriers
number to the number of photons of a given wavelength incident on the SC) is an
important technique to characterize the SC performance. There are two different
methods for EQE measurements [23-25]: 1) continuous-wave (CW) measurements
and 2) chopped-light measurements. In CW mode, a non-modulated continuous
monochromatic beam is used to irradiate the SC and the photogenerated current
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generated by the SC is measured. On the other hand, in the case of chopped-light
measurements, two different light beams are used 1) chopped monochromatic beam
(probe) to allow for the lock-in detection of the SC current and 2) continuous-wave
bias light [6, 26]. From this, the photogenerated current due to the incident
monochromatic beam, as well as the effect of the bias light intensity, can be
obtained.
CW measurements suffer significantly from fluctuations of the low-frequency bias
light and noise from amplifiers, which take a long time to average out. In addition,
measuring in the dark improves the measurement signal, but may introduces a
significant error in both the measured value and the shape of EQE and the CurrentVoltage measurements of the SC [27].
The use of chopped-light EQE measurement method is more appropriate and
accurate for SCs based on p-n junction because of their high charge mobility (5 x
10-1 – 10-3 cm2/Vs) to the incident light, where the generated current reach its
steady-state rapidly (< 1 ms) [28-30]. This, in-turn, does not disturb the EQE
measurements [23, 31]. For SCs that have a rapid response time, such as Si SCs,
EQE measurements were reported at high frequencies, in the few 100’s Hz range
[8, 27, 32, 33], and are independent on the chopping frequency.
On the other hand, using chopping-light to measure the EQE of SCs that have a
slow response, such as DSCs, underestimates the photogenerated signal. This
underestimation depends on the used chopping frequency, as well as the SC
properties. It is, however, critical in the case of DSCs. This is because of their
relatively slow response, which is related to the slow electron transport in the
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TiO2 film. This is particularly at wavelengths where the DSC current or EQE
response is low, due to the low charge population density as a result of the low
photoexcitation . DSCs with a response time of more than 1 s under no or low (~
0.05 mW cm-2) bias light irradiation conditions have been reported by Cao et al.
[23, 34, 35]. This is also one of the main reasons that non-chopped measurements
are more commonly employed for DSCs.
Previous literature reports of of DSCs showed that the EQE significantly decrease
by increasing the chopping frequencies [31, 36-39], depending on the properties of
the electron transport in the nanoporous TiO2, layer thickness, cell composition, as
well as the ion transport in the electrolyte, determine the slow response of the DSCs
[31]. In 1999, Sommeling et al. reported that the spectral response measurements
for a DSC with a response time (where 90 - 95 % of the steady-state current is
reached) of 10 ms should not exceed 50 Hz. On the other hand, in 2008, Tian et al.
showed that the measured EQE is significantly affected by the chopping frequency,
even at frequencies much lower than 50 Hz,

as well as the capacitance

characteristics of the DSCs [38].
The capacitance effect can be clearly seen in Figure 2.4(a), where the DSCs’s
photogenerated current drops significantly when using the same chopping
frequency of 20 Hz but different capacitance, specifically 6 µF (solid line, blue) and
no capacitance (squared, blue). A similar effect was noticed when using the same
capacitance of 6 µF but different frequencies of 0.02, 0.2, 20 and 2000 Hz. They
also measured the photogenerated current at different chopping frequencies,
ranging from 5 to 40 Hz, as shown in Figure 2.4(b), where the value of the current
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dropped from 40 to 1 nA when increasing the frequency from 5 to 40 Hz. On the
other hand, the photocurrent generated by the Si SCs did not show any change.

Figure 2.4: (a) The effect of the DSCs’s capacitance characteristic on the IPCE
measurement (b) the relevance of the chopper frequency to the IPCE values, where the
wavelength of the monochromatic light incident on the DSC was fixed at 400 nm and the
chopper frequency was scanned from 5 to 40 Hz. From [38].
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Following this, another study in 2010 by Gou et al. studied the effect of the
chopping frequency, as well as the bias light intensity on the photogenerated current
from N719 DSC [23], as shown in Figure 2.5, where a lock-in amplifier was used
to measure the modulated signal of the DSC and a Si diode.
Figure 2.5(a) shows the measured photogenerated current from N719 DSC and Si
SC at 650 nm at different chopping frequencies, ranging from 0.3 to 6.4 Hz. It was
found that at frequencies lower than 1.2 Hz, the measured current from the N719
DSC (ISC, DSC) gets close enough to equilibrium during the open or close state of the
shutter. However, there was some deviation from the squared-shape wave due to
the slow response of the DSC. As the lock-in amplifier only measures the minimum
and maximum regularly detected signal and it does not take into account the
photoresponse time of the measured device, which is one of the lock-in technique
limitations, the measured ISC, DSC values were underestimated.
At frequencies ≥ 2.4 Hz, the ISC,

DSC

did not have enough time to reach the

equilibrium and the peak-peak values were noticeably decreased. This significant
deviation from the squared-shape waveform indicated that the lock-in did not
measure the correct value of the EQE as well. On the other hand, no noticeable
change in the square waveform of the Si diode was seen because of its much shorter
response time. From this, they concluded that determining the spectral response of
DSCs should be done with chopping frequencies lower than 2 Hz, and generally
lower than (1/20) of their response time, where 90 - 95 % of the steady-state current
is reached [23].
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Figure 2.5: (a) Waveform of ISC, DSC (line + symbol) and ISC, Si (line) under modulated
monochromatic light illumination, wavelength 650 nm without bias light (b) the time
dependence of ISC, DSC after the monochromatic light illumination is switched on at t = 0
with bias light of different intensity, at a wavelength of 650 nm (c) EQE of the same N719
DSC sample measured with bias light illumination of different intensity under AM 1.5 100
mW/cm2 illumination dashed line. Adapted from [23].

Moreover, they found with increasing the bias light, the photogenerated current
increases, which in turn decreased the response time, as shown in Figure 2.5(b).
On the other hand, a plateau in the steady-state current was seen overtime at high
bias light intensity. It was explained that filling the trap states was responsible for
the increase in the observed current and shorter response times. The decrease in the
photogenerated current overtime at high bias light intensity is a characteristic of the
ion transport limitation of the electrolyte [37]. Consequently, DSCs prepared in
different ways may show different characteristics in their response.
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In Figure 2.5(c), the change in the EQE agreed well with the change seen in the
steady-state current seen in Figure 2.5(b). However, the change becomes
prominent at bias light illuminations greater than one-equivalent sun.
The above results from Tian et al. and Gou et al. were also confirmed by another
study by Guogang et al. in 2012 using a similar N719 DSC [37]. In that study,
Guogang et al. measured the EQE spectra of the N719 DSCs at much higher
chopping frequencies, ranging from 6.7 to 197.5 Hz (Figure 2.6(a)), as well as the
waveform of DSC at 550 nm at different frequencies (Figure 2.6(b)). The study
showed that the deviation of the waveform of the DSCs from the squared-shape by
increasing the chopping frequency, as shown in Figure 2.6(b), was because of the
charge/discharge phenomenon of the trap state capacitance, which significantly
affected the chopped-light EQE measurements of the DSCs. Additionally, the use
of a lock-in detection technique, which is employed in most of the AC
measurements to measure the photogenerated current, adds to the underestimation
of the measured signal due to the chopping frequency. This resulted in a decrease
in the EQE values by increasing the frequency, particularly at higher frequencies,
as shown in Figure 2.6(a).
It can be also seen that the EQE peak at around 650 nm more strongly impacted
than that at 535 nm. This was attributed to the much larger extinction coefficient at
535 nm compared to that at 650 nm. This means a higher total charge density in the
TiO2, and consequently impacting its conductivity, at 535 nm compared to that at
650 nm.
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Figure 2.6: (a) The EQE spectra of N719 DSC at DC and different chopping frequencies
and (b) the normalized Isc waveforms of the N719 DSC at 550 nm at different chopping
frequencies. Adapted from [37].
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Using low chopping frequencies poses other practical challenges, such as the
difficulty to get a uniform chopping speed at such low frequencies, as well as the
longer required times to perform the measurements and noise from low-frequency
bias light. That is (a) the EQE decreases noticeably by increasing the chopping
frequency because of the underestimation of the photogenerated current; (b)
different regions of the EQE spectrum will be impacted to different degrees (e.g.
the photoresponse at wavelengths, where the SC has low absorption and/or the
probe light is weak, would be more significantly underestimated than those near the
absorption peak due to the resulting different charge densities) [3]. In other words,
the underestimation of the photogenerated current when using the lock-in detection
technique will be the minimum where the absorption intensity is the strongest.

2.6.

Photon Up-Conversion Systems

Generally, UC is the absorption of low-energy photons and upconverting them to
higher energy ones. UC was first discovered by Auzel, Ovsyankin and Feofilov
mid-1960s [40, 41]. Since then, UC has attracted more attention because of its huge
variety of potential applications, such as medical therapy , bio-imaging [42],
thermal sensors [43], and harvesting sunlight for photovoltaics applications [26].
Herein, the focus will be mainly on using UC for light-harvesting in SCs
applications. UC systems are of particular promising techniques for improving the
SCs absorption by broadening their absorption spectra to the red and near-infrared
(NIR) range, where they absorb the low energy photons and convert them to higher
energy ones that can be re-absorbed by the SC, as schematically shown in Figure
2.7.
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Figure 2.7: A schematic illustration of an up-conversion system attached at the rear side of
a DSC.

The main features of the SC-IB and SC-UC integrated systems include:
1) The absorption of low energy photons in order to produce a photocurrent, while
not interfering with the photoanodic performance in a deleterious manner. In
other words, the photons with energy lower than the energy gap can be used,
which results in broadening the absorption band while maintaining a high opencircuit voltage [21].
2) A promising approach to be applied with high bandgap SCs, especially those
with bandgaps of 1.5 - 2.0 eV are ideal. Meanwhile, those with a lower bandgap,
such as crystalline silicon SCs, have a relatively little to gain [44].
UC can be achieved using Second Harmonic Generation, Simultaneous TwoPhoton Absorption, excited state absorption in Rare Earth Metal ions, and
photochemically via sTTA, as will be discussed in the following sections.
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2.6.1. Second Harmonic Generation
In a Second Harmonic Generation (SHG) process, two photons with the same
frequency interact and combine to form a new photon with twice the frequency and,
therefore, twice the energy of the initially interacted photons are formed [45], as
schematically shown in Figure 2.8. SHG is a non-linear optical process that was
first reported by Franken et al. in 1961. This was after they observed the generation
of 347.2 nm second-harmonic upon the projection of an intense beam of 694.3 nm
light through crystalline quartz [46]. The generation of UC via SHG is, however,
limited to the use of high-power intensities and coherent light sources.
2.6.2. Simultaneous Two-Photon Absorption
The Simultaneous Two-Photon absorption (STPA) concept was firstly established
by M. Gopper-Mayer in 1931 [47]. It was theoretically predicted that a molecule
can be excited from the ground state (S0) to the first excited singlet state (S1) or the
second excited singlet state (S2) by simultaneous absorption (within 10–18 second)
[48] of two photons via a virtual state, as shown in Figure 2.8.
The next step after the STPA by the molecule to produce an excited state, the
relaxation of an electron would give rise to the emission of a photon with energy
higher than those that have been absorbed, that is, STPA-UC process. However,
STPA shows a quadratic dependence on the incident light intensity, as it requires
two low energy photons to generate a higher energy one in competition with other
deactivations pathways.
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This leads to STPA requiring higher light intensities (in the MW cm−2 range or
higher) to reach useful UC efficiencies that were only achieved by an ultrafast laser
[49] [45]. Hence, such a system is not practical for the SCs applications.
2.6.3. Excited State Absorption in Rare Earth Metal Ions
In contrast to the STPA-UC process in which the photons must be absorbed
simultaneously, UC based on excited state absorption in Rare Earth Metal Ions
(REMI) (Lanthanides) occurs in the systems that have at least two meta-stable
excited states that encounter to produce an excited state. This excited state will later
result in an UC emission after vibronic-relaxation to the lowest level of the excitedstate. Therefore, lanthanides and transition metals ions, particularly Yb3+/Er3+
couple [50-53], are attractive options, where the partly filled 4f inner shell is
responsible for the optical properties of these ions. Moreover, a large number of
configurations due to the large number of possible electron configurations of the
partly filled 4f orbitals results in the generation of multiple energy levels ranging
from near-infrared to ultraviolet [54].
The absorption process of two or more low-energy photons, in this case, is
sequential. The sequential photon absorption is made possible due to the existence
of meta-stable states of the material [48]. This makes it different from the STPA,
where only virtual states exist between the ground and excited states, as shown in
Figure 2.8. UC based on REE was applied to different types of SCS, such as
crystalline silicon [55], a-Si:H [56], DSCs [57] and organic photovoltaics [58].
However, UC based on REE has not seen widespread adoption due to the
requirement of laser light or relatively high excitation power densities to achieve a
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measurable current, inherently suboptimal UC quantum yield (QY) due to a
combination of the spin and parity forbidden nature of the required 4f–4f transitions
[59, 60], very narrow atomic absorption lines, as well as the toxicity of lanthanide
ions for medical applications [8, 61].

Figure 2.8: Schematic illustration shows the energy level diagram and the up-conversion
process via (a) second harmonic generation (SHG) (b) simultaneous two-photon absorption
(STPA) and (c) excited state absorption in rare earth metal ions (REMI).

To realize devices working under standard solar irradiance, the aforementioned
traditional UC mechanisms, based on SHG, STPA, and Lanthanides, are still not
ideal for SCs applications as they require coherent and/or high-intensity irradiation
to reach high efficiencies. Therefore, this thesis will be focused on the UC systems
based on sTTA for the following reasons:
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(i)

Appreciable UC efficiencies at relatively low light intensities and in diffuse
lighting conditions, where up to 30 % (with the maximum efficiency
defined at 50 %) can be achieved at 0.15 W cm-2 [62] [63]. This makes it
more appropriate for real-world solar applications.

(ii) A relatively strong absorbance, i.e. thin layers of the UC need to be applied
[4], which makes it very convenient for integrated devices.
(iii) A broad absorption range that can be achieved using multiple light
harvesters, as well as incoherent nature [64, 65].
Recently, sTTA-UC has grabbed more attention in the solar energy applications,
particularly photovoltaics, however, the reasons behind the poor translation
between the reported high UCQYs and their low enhancement in the SCs
performance are not well identified/understood. For the aforementioned reasons, as
well as the advantages of sTTA-UC systems as mentioned above, the sTTA-UC
phenomena will be discussed in greater detail in the following sections. This is to
understand and identify this poor translation and to improve the way these systems
integrated into other applications, particularly the SCs applications.

2.7.

Sensitized Triplet-Triplet Annihilation

2.7.1. Operating Principle of UC and IB Systems
sTTA is a photochemical mechanism that was first reported by Parker and Hatchard
in 1962 [66]. The sTTA-UC phenomenon undergoes a series of processes that
involve a bimolecular system containing a sensitizer and an acceptor [49]. sTTA is
the product of the interaction between two excited triplet states of a molecule, which
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leaves one of them in its singlet-ground state and the other in its singlet-excited
state.
The first step in the sTTA process involves the ground state sensitizer (𝑆𝑆0𝑆𝑆 ) being

∗
photoexcited to higher singlet-excited state (Sns
) (Step 1) after the absorption of

low energy photon (hν), which is followed by intersystem crossing (ISC) to yield a
∗
∗
triplet-excited state (T1s
) (Step 2). This T1s
may then transfer energy to a second

molecule, an acceptor (referred to as “emitter” in the case of UC, or “injector” for

the IB case) via a Dexter type triplet energy transfer (TET) process [67]. This leaves
∗
∗
the latter in its first triplet-excited state (𝑇𝑇1𝑆𝑆
+ 𝑆𝑆0𝐴𝐴 → 𝑆𝑆0𝑆𝑆 + 𝑇𝑇1𝐴𝐴
) (Step 3).

When two triplet excited molecules encounter and form a complex, spin mixing
occurs. This means that upon dissociation, the molecules may attain different spin
states in accordance with maintaining overall multiplicity and being energetically
accessible. This is referred to as Triplet-Triplet Annihilation (Step 4). Despite other
outcomes sometimes/possibly being obtained following the dissociation [68], our
∗
primary interest is the generation of one high energy singlet excited state (𝑆𝑆1𝐴𝐴
) and

∗
one ground state (𝑆𝑆0𝐴𝐴 ). Following this, 𝑆𝑆1𝐴𝐴
can fluoresce a higher energy photon

than this that was used to excite the sensitizer molecule, resulting in an apparent
anti-Stokes shift in the case of an optically integrated system (sTTA-UC).

∗
Alternately, 𝑆𝑆1𝐴𝐴
may inject an electron into a semiconductor with a sufficiently

positive conduction band (C.B) edge in the case of an electronically integrated
system (sTTA-IB)[69]. These terminal steps are schematically shown by 5a and 5b
in Figure 2.9.
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Figure 2.9: Schematic illustration shows the working principle and steps involved in the
sTTA-UC processes, with (1) to (4) common between emissive Up-Conversion (step 5a)
and the ‘intermediate band’ processes (step 5b). 𝑆𝑆∗1𝐴𝐴 , 𝑆𝑆∗1𝑆𝑆 𝑇𝑇∗1𝐴𝐴 , and 𝑇𝑇∗1𝑆𝑆 are the emitter and

sensitizer singlet and triplet states, respectively.

2.7.2. sTTA-UC System Component Requirements
Due to all the individual sub-steps (i.e. photoexcitation, ISC, TET, sTTA and
photon emission or charge injection) included in a successful sTTA-UC process, it
should be pointed out that several photophysical parameters of the sensitizer and
acceptor are crucial for sTTA-UC to be efficient. Therefore, both the sensitizer and
acceptor, as well as the SC that will be integrated with the UC system have to fulfill
specific requirements as follows:
2.7.2.1.

The Sensitizer Requirements

1) Strong absorption in the desired region, where low energy photons are needed to
be upconverted to higher ones [20]. For example, in the case of sTTA-UC-SC
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integrated system applications, a sensitizer that has a strong absorbance at
wavelengths longer than the absorption onset of the SC would be a good fit.
2) High ISC yield, which is usually obtained by incorporating a heavy-metal atom,
is critical to the generation of a high population of the sensitizer’s triplet-states.
Most sensitizers used in sTTA-UC systems are transition metal complexes, for
which the ISC process is very often close to 100 % efficiency [20, 61, 70].
3) A long lived triplet excited state lifetime (typically > 10 µs) is required for
efficient triplet-triplet energy transfer from the sensitizer to the acceptor as this
will increase the diffusion distance and make the encounter of the sensitizer and
the acceptor more likely [70].
4) Small singlet-triplet gap (few kBT, where kB is Boltzmann constant and T is the
temperature) in order to minimize the energy loss due to the ISC process [20].
2.7.2.2.

The Acceptor Requirements

1) The acceptor’s triplet excited-state should be lower in energy than that of the
sensitizer (i.e. T1A < T1S) so that a favourable TET from the sensitizer to the
emitter could occur [71].
2) The first singlet excited-state of the acceptor to be just below double the energy
of the first triplet excited-state (i.e. S1A < 2 T1A). This is to make 𝑆𝑆∗1𝐴𝐴 + 𝑆𝑆0𝐴𝐴 an
energetically allowable outcome of the sTTA process so that a high UC
fluorescence QY could be obtained [20, 72].
3) Long triplet lifetime (>100 µs) as to increase the diffusion distance and make the
encounter of two acceptors molecules in their triplet excited state more likely to
occur [20].
4) High fluorescence QY to produce intense UC fluorescence emission [70].
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5) It is also important that the second triplet excited-state of the acceptor is not
accessed by combining the energy of two sensitizer triplet excited-states (i.e. T2A
> 2 T1S), as this would open a loss channel [20].
Jacopo Pedrini and Angelo Monguzzi summarized some of the currently known
sensitizer-acceptor pairs, as well as the peak excitation and emission wavelengths
(λexc and λem, respectively), that are suitable for the sTTA-UC based on their
spectral working range, as shown in Table 2.1 [73]. This shows the spectral
flexibility offered by the sTTA-UC systems which would be beneficial for different
applications.
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Table 2.1: Summary table of some state-of-the-art sTTA-UC pairs and the
corresponding spectral ranges. Adapted from [73].

Spectral Range

Vis-To-UV

Vis-To-Vis

NIR-To-Vis

Sensitizer

Acceptor

λexc − λem (nm)

Biacetyl

PPO

442–360

Ir(ppy)3

Pyrene

450–390

4CzIPN

TP

450–343

PdOEP

DPA

544–435

PtOEP

DPA

532–435

ZnTPP

Perylene

532–441

PdDBA

Perylene

532–470

CdSe

DPA

532–435

PdTPBP

BPEA

633–515

PdPh4TBP

BPEA

635–515

PdPh4TBP

Rubrene

635–560

PdPh4OMe8TNP

BPEN

695–560

PdPc(OBu)8

Rubrene

735–560

PdTAP

Rubrene

780–560

OsPZn2Os

Rubrene

776–590

PbSe

Rubrene
980–568
Rubrene ene

PbS

Rubrene
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2.7.2.3.

The Solar Cell Requirements

In UC-SC integrated systems, the general approach should be to adapt the UC
materials to an existing high-efficiency SC, however, it is always in practice
required to partly adapt the SC to the UC materials. One reason for this is because
most SCs use a metallic back-contact, which needs to be replaced by TCOs or
conducting polymers. Additionally, most of the front-side TCOs and antireflection
coatings are not optimized for a high transmission outside the SC absorption range.
Therefore, in addition to a high overall power conversion efficiency, the sTTA-UCassisted SC needs to also fulfill two other requirements. Firstly, the SC must have
a high transmission in the sensitizer’s absorption region to allow the UC unit to
absorb as much as possible of the light that is not harvested by the SC. Secondly, it
should display a high EQE at the emission region of the acceptor to make the best
exploitation of the UC light [20].

2.8.

Photon Up-Conversion Efficiency and the Threshold Energy

The UCQY (𝛷𝛷𝑈𝑈𝑈𝑈 ) is a valuable metric that is used to indicate the overall efficiency
of the UC system. 𝛷𝛷𝑈𝑈𝑈𝑈 is the ratio of the up-converted photons number to that of
incident photons at a specific light intensity (I). 𝛷𝛷𝑈𝑈𝑈𝑈 can be expressed as the product

of the quantum efficiencies of all photophysical processes involved in the UC
process (i.e. ISC, TET, TTA, and TTA-UC) according to the following equation:
1
𝛷𝛷𝑈𝑈𝑈𝑈 = � � 𝑓𝑓 × 𝛷𝛷𝐼𝐼𝐼𝐼𝐼𝐼 × 𝛷𝛷𝑇𝑇𝑇𝑇𝑇𝑇 × 𝛷𝛷𝑇𝑇𝑇𝑇𝑇𝑇 × 𝛷𝛷𝐹𝐹
2

(2.1)

Where 𝛷𝛷𝐼𝐼𝐼𝐼𝐼𝐼 , 𝛷𝛷𝑇𝑇𝑇𝑇𝑇𝑇 , 𝛷𝛷𝑇𝑇𝑇𝑇𝑇𝑇 , 𝑎𝑎𝑎𝑎𝑎𝑎 𝛷𝛷𝐹𝐹 represent the sensitizer ISC efficiency, the

sensitizer-to-acceptor TET efficiency, the acceptor–acceptor TTA efficiency, and
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the acceptor fluorescence QY, respectively. Since two low energy photons are
1

required to produce one higher energy photon, so the pre-factor � � is used in
2

equation (2.1). Hence, the maximum 𝛷𝛷𝑈𝑈𝑈𝑈 is 50 %. f represents the probability to

obtain an acceptor singlet excited-state after the annihilation of two acceptor triplet
excited-states [49, 74].

As the emission of one upconverted high energy photon requires the absorption of
at least two low energy photons, hence the up-converted emission dependence on
the incident light intensity does not follow a simple linear relationship [75]. In order
to evaluate the UC system performance, the up-converted emission dependence on
the excitation power intensity and the 𝛷𝛷𝑈𝑈𝑈𝑈 are the two most significant quantities

that extensively indicates the UC system efficiency [71] [76].

According to equation (2.2), the UC system performance can be predicted based on
the values of 𝑘𝑘 𝑇𝑇 and 𝑔𝑔𝑇𝑇𝑇𝑇 , where 𝑘𝑘 𝑇𝑇 is the intrinsic first-order and pseudo-first-order
decay pathways (because of the trace-dissolved oxygen) of the acceptor triplet
∗
), and 𝑔𝑔𝑇𝑇𝑇𝑇 is the second-order sTTA rate constant [77].
excited-state (𝑇𝑇1𝐴𝐴
∗ ]
d[T1A
t
∗ ]
∗ ]2
= −k T [T1A
− g TT [T1A
t
dt

(2.2)

Using equation (2.2), two different cases can be obtained based on the values of k T

and g TT rates, as following:

1) If 𝒌𝒌𝑻𝑻 ≥ 𝒈𝒈𝑻𝑻𝑻𝑻 [𝑻𝑻], then a so-called weak-annihilation limit controls the system,
where the first-order decay of acceptor triplets to the ground state is the dominant

relaxation pathway. In this region, the up-converted fluorescence intensity has a
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quadratic dependence (i.e. slope of 2 on a log-log plot) on the excitation light
intensity (I), as showing by the blue solid line in Figure 2.10. It should be also
noted that the UC system will have different efficiencies at different light
intensities.
2) If 𝒈𝒈𝑻𝑻𝑻𝑻 [𝑻𝑻] ≥ 𝒌𝒌𝑻𝑻 , then a so-called strong-annihilation limit controls the system,

∗
where the sTTA is the dominant relaxation pathway for (𝑇𝑇1𝐴𝐴
), then the up-

converted emission intensity has a linear dependence (i.e. a slope of 1 on a loglog plot) on I, as shown by the green solid line in Figure 2.10.
The turnover value of I at which the UC system intensity-dependence on the
incident light power density changes from a quadratic-to-linear dependence is
called the threshold intensity (Ith). Ith is obtained from the crossing-over of the two
lines representing the slopes of the weak and strong annihilation regions as shown
by the arrow in Figure 2.10.

Figure 2.10: A representative example of the incident light power dependence on
upconverted emission intensity (I), plotted on a log-log scale, where Ith is the UC threshold
intensity that separates the weak and strong annihilation regions. Adapted from [77].
36

The early UC systems suffered from low 𝛷𝛷𝑈𝑈𝑈𝑈 , however, a significant progress of

UC systems in various host materials and media has been achieved during the last

decade [77]. Many 𝛷𝛷𝑈𝑈𝑈𝑈 values of sTTA-UC sysyems have been reported under

strong background light biases conditions [78]. Herein, a few examples for those
that measured under a similar real-world powering conditions, i.e. under one-sun
equivalent, are given in Table 2.2. One-sun equivalent is the irradiance equivalent

to one solar constant, which is known as the solar irradiance per unit area that
incident on the earth’s surface at AM1.5G and it is ~ 100 mW/cm2.
A comparison between two different UC systems can not easily be made if they are
measured at different light intensities, due to the non-linear nature of the UC
emission, unless they are both in excess to the threshold light intensity (Ith).
Therefore, a figure of merit (FoM) is calculated as the increase in photocurrent
density per the number of equivalent-suns squared, is an important parameter that
is used to compare the UC-SC integrated devices performance [6]. Some of these
UC systems, such as (PdPQ4 + rubrene) and (PdPQ4NA+ rubrene) have been used
in sTTA-UC-assisted SCs applications [8, 9, 79], however, the enhancement in the
photogenerated current is still well below the device-relevant FoM of 0.1 mA cm-2
[80]. This will be further discussed in detail in Section 2.8.

37

Table 2.2: Showing some of the organic up-conversion systems and their
corresponding quantum yield efficiency (𝜱𝜱𝑼𝑼𝑼𝑼 ) under irradiance close to one-sun

equivalent.

Up-Conversion System

Irradiance
(W/cm2)

1-PtOEP

0.15

DPA / PtOEP

𝚽𝚽𝐔𝐔𝐔𝐔 (%)

Reference

30

[62]

0.09

26

[81]

PdPQ4 / Rubrene

0.1

16

[82]

Pt(II) complex / DPA

0.07

13.6

[83]

0.1

10

[84]

PtOEP/DPA

0.22

9.5

[85]

PtOEP/DPA

0.13

7.8

[85]

PdOEOP/DPA

0.22

6.3

[85]

PtOEP/TPPy

0.22

4.5

[85]

PdOEOP/DPA

0.13

4.2

[85]

PdPh4TBP/BPEA

0.08

3.2

[86]

PdPQ4NA /Rubrene

0.1

1.1

[87]

(PtTPTBPF+PdDBA+Pt1N)/
Perylene
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2.9.

sTTA-UC-Solar Cells Integrated Systems

In 2012, Cheng et al. reported the first sTTA-UC integrated photovoltaics
combining a-Si:H p-i-n SCs (with i-layer thicknesses of 50 and 100 nm) SCs with
two different sTTA-UC systems, specifically “PdPQ4 + rubrene” UC system and
the other one with a slightly modified PdPQ4 sensitizer “PdPQ4NA + rubrene” [6].
(PdPQ4 + rubrene) UC system was reported to have an UCQY of 16 % [68]. Figure
2.11 shows the optical transmission and the EQE of the used a-Si:H SCs, the
emission of rubrene and the absorption cross-section of PdPQ4 (Figure 2.11(a)) and
PdPQ4NA (Figure 2.11(b)).
The CW-EQE system is typically used to determine the linear response of the SC
to the incident light. However, taking into account that the non-linear response of
the UC system (as two low energy photons are required to generate one higher
energy photon), a chopped-light EQE measurement setup was developed, as shown
in Figure 2.12 [6]. The setup consists of a Xe lamp that was used as the probe.
Additionally, a 1.2 mW 670 nm CW laser diode was used as a pump to generate a
background of the sensitizer’s triplets in the UC solution at the rear of the a-Si:H
SC. The broadband light generated by the Xe lamp was split into a probe beam
(chopped at 100 Hz) and a bias beam. The two beams were then superimposed on
the sTTA-UC-SC integrated device. The photogenerated current from the SC due
to the chopped-light was then preamplified and monitored by a lock-in amplifier,
which suppresses the background current generated by the bias light and other
sources, and finally analyzed with an in-house LabVIEW software.
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Figure 2.11: The spectral characterization: Comparison of the EQE (black for 50 nm, grey
for 100 nm i-layer) and transmission curves (dashed) of the respective a-Si:H solar cell
with the absorption cross-section (σ) (orange or red) and emission (green) profile of the UC
unit constituents. (a) 50 nm a-Si:H solar cell and PQ4Pd, (b) 100 nm a-Si:H solar cell and
Pd PQ4NA. From [6]

40

Figure 2.12: Setup for the measurement of the enhancement of solar cells (SC) by an upconvertor (UC). The sample SC and UC are irradiated by the chopped (C) white light (WL)
probe beam passed through a 405 nm longpass filter (F) and a monochromator (M). The
probe beam is split with a glass slide (G) and the reflection is monitored by a power meter
(PM). The current of the solar cell is measured by lock-in amplification. A background
concentration of triplet molecules for the photochemical up-conversion is generated by
(unchopped) light of a 670 nm cw laser diode (LD) superposed with the probe light beam
by a polarizing beam splitter (BS). The pump polarization is adjusted by a l/2 wave plate.
The beams are focussed through the SC onto the UC by lenses (L). From [6].

The way suggested by Cheng et al. to measure the relative enhancement of the SC
performance due to the sTTA-UC unit is to measure the spectral response of the SC
with and without the UC system under the same conditions, then a comparison
between both of them is held. From this, the gain in current density can be
determined. It is, however, a nontrivial task as the physical removal of the UC unit
and/or any changes in the optical properties of the system will change the SC optical
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behaviour [21], and inaccurate comparison will be obtained. Hence, it is not a
suitable way that the UC unit would be separated from the SC.
Therefore, the relative efficiency enhancement due to the two UC systems was then
obtained from the comparison of the EQE measurements with pump and probe
beams aligned and misaligned, as shown schematically in Figure 2.13(a, b). In the
misaligned measurements, the pump beam still irradiates the SC to retain the
steady-state conditions, but it does not overlap with the probe on the UC unit
(Figure 2.13(b)).

Figure 2.13: A schematic shows the two different scenarios used to measure the response
of the UC-SC integrated device with the pump and the beam (a) aligned and (b) misaligned.

A relative enhancement of 1.8 % to the EQE at 675 nm under 174 ± 12 equivalent-

sun (ʘ) when using “PdPQ4 + rubrene” UC system was obtained. On the other hand,
1 % at 720 nm under 48± 3 ʘ was obtained when replacing PdPQ4 by PdPQ4NA,
as shown in Figure 2.14(a, b). The EQE values were converted to a current density
per sun squared (ʘ2) to give a FoM of 2.8 ×10-5 and 13 ×10-5 mA cm-2 ʘ-2 for

PdPQ4 and PdPQ4NA UC systems, respectively. This is around 4-fold increase in
the EQE/photogenerated current when using PdPQ4NA instead of PdPQ4 with
rubrene in the UC system. One of the shortcomings of this setup is the interference
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of the bias light beam (pump) with the measured device (SC). Additionally, the
employed SCs were not of state-of-the-art quality with conversion efficiencies of
about 2 % and had a low transmittance in the absorption range of the sensitizer.
This work was followed by a series of experiments by the same group and the use
of the same UC solution, as well as the experimental setup showed above [8, 11,
88]. New FoM of 7.6 ×10-4 mA cm-2 ʘ-2 and 1.6×10-5 mA cm-2 ʘ-2 were achieved
using organic and a-Si SCs respectively, that have a higher transmission (in the Q-

band absorption region of the sensitizer) and EQE (in the emission region of the
emitter) than those used by Cheng et al. [6]. Furthermore, the sensitizer
concentration was optimized [11].
In 2013, Nattestad et al. reported the first sTTA-UC-DSC integrated device, where
“PdPQ4NA + rubrene” UC system was used at the rear of a D149-DSC, which
complements with the peak emission wavelength of the rubrene [9], as shown in
Figure 2.15. Relative efficiency enhancement of 1.14 % around 720 nm under 24
ʘ was obtained using the setup used by Cheng et al. with slight modification, where
the pump beam was directed onto the sTTA-UC layer at an angle instead of
directing it through the active layer of the DSC, as shown schematically in Figure
2.16. This is to avoid any interference from the pump with the SC. This relative
enhancement is higher than the one obtained for a-Si:H SC under 48 ʘ, as shown
above [6].
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Figure 2.14: The effect of UC unit on the a-Si:H SC performance from the ratio of SC
response curves. (a) 50 nm a-Si:H SC and Pd PQ4 as the sensitizer in the sTTA-UC, (b)
100 nm a-Si:H SC and PdPQ4NA. The error bars represent standard deviations from point
averaging at each wavelength and are larger for (b) because of the lower probe intensity
(factor 10). The straight lines display the expected spectral shape. From [6].

A FoM of 2.8 10-5 mA cm-2 ʘ-2 com was obtained. This FoM is higher than the one
obtained for the organic photovoltaics but still less than that achieved for a-Si:H p-
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i-n SC despite the higher transmission (in the Q-band absorption of PdPQ4NA) and
EQE (in the emission region of rubrene) of the D149-DSC than that for a-Si:H SC
(Figure 2.17) [11]. This was explained by the measurement issues arising due to
the DSC structure, as well as the different efficiencies of the DSC and the a-Si:H.
Moreover, the large gap (4 mm) between the active layer of the DSC and the sTTAUC solution, and the locations where the UC occurs limits the amount of the UC
light reaching the TiO2 active layer in the DSC (Figure 2.16(b)). Additionally, this
study used benzene instead of toluene to increase the solubility of the rubrene in the
sTTA-UC solution. This, however, deteriorates the seal around the sTTA-UC,
which limits the device longevity.

Figure 2.15: Low-energy photons pass through the active layer of the device and cause
sTTA-UC in the sTTA-UC layer. Up-converted photons that are absorbed by the active
layer provide extra current to the device. From [9].
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Figure 2.16: A schematic showing the pump and probe beam illumination of the integrated
device during photoresponse measurement. (a) The pump beam is incident at a large angle
such that it does not interact with the active layer of the SC (b) A limitation of the current
integrated device: the space between the active layer of the SC and the sTTA-UC layer is
relatively large, and the up-converted signal was generated at the edge of the active layer.
Consequently, much of the up-converted light did not reach the active layer. From [9].
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Figure 2.17: The molar extinction coefficient (red) of the used sensitizer (PQ4PdNA), the
fluorescence spectrum of rubrene (orange) in a toluene solution, the transmission of D149DSC (navy) and the EQE of D149-DSC (black). Adapted from [9].

In order to reduce the effect of the solubility issues, the use of solid-state upconverters and blending of the active compounds into specific solid polymers or
viscous liquid materials (to act as matrices to prevent or reduce the triplets
quenching by oxygen) has been applied [74, 77, 89, 90]. Nevertheless, using these
matrices significantly restricts the diffusion capability of the triplet excited-states
of the acceptor. This in-turn necessitates the use of high power incident light.
Therefore, the development of systems that show oxygen blocking abilities, as well
as allowing efficient UC emissions under low excitation powers is of a big interest
[91-93].
The ground state of the oxygen molecule is a triplet in nature. This leads to the
possibility of sTTA generating a singlet oxygen, which 1) is an energy loss pathway
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and 2) will degrade the sensitizer and/or acceptor molecules by attacking the
organic bonds. Consquently, oxygen is one of the major challenges that cause a
rapid quenching of the employed triplet excited, which strongly affects the sTTAUC efficiency [94]. Therefore, the process of oxygen exclusion in the design of
sTTA-UC integrated devices is usually a major requirement. In order to avoid the
deactivation of triplet excited-states by oxygen molecules, the handling of the UC
material under an inert atmosphere is required. On the other hand, in 2008, Fuckel
et al. provided a proof of concept system where the presence of oxygen was
beneficial to improve the sTTA-UC efficiency by mediation. This can only happen
when the singlet oxygen energy lies below the sensitizer’s triplet excited-state and
above that of the acceptor, as it was found that introducing the oxygen to a system
that achieved these requirements enhanced the singlet excited-state UC emission of
the acceptor by a factor of ~ 5 [95].
In 2014, Nattestad et al. used the experimental setup shown in Figure 2.18 to
establish a correct method to characterize the D149-DSC when integrated with the
“PdPQ4NA + rubrene” sTTA-UC system by paying special attention to the way the
bias and probe beam are being aligned and misaligned [10]. This was of special
interest when high biasing light intensities are used, which was the case in all of the
aforementioned studies. The probe beam was a monochromatic light generated
from a white light source and passed through a monochromator, while a 670 cw
laser was used as the bias light (pump). The pump beam was adjusted to arrive the
sTTA-UC layer at a greater angle to the probe beam to avoid the measurements’
artifacts that could be introduced to the DSC response by the laser pump beam.
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Figure 2.18: The setup used by Nattestad et al. for the enhancement measurement. The
integrated device is irradiated by modulated incoherent monochromatic light from a white
light source (laser-driven lamp) passed through a monochromator, and achromatically
focused onto the sample by an off-axis parabolic mirror. The probe light is split with a glass
filter (beam slitter) and the reflected probe light is detected by a photodiode attached to a
power meter. The sTTA-UC layer of the integrated device is continuously excited by a 670
nm continuous wave laser (pump) to generate background triplets to allow the sTTA-UC
enhancement effect to be probed with the weak monochromatic beam. The output current
from the device is fed through a current amplifier and measured by lock-in amplification.
From [10].

All of the aforementioned studies used the aligned-misaligned method in order to
calculate the relative enhancement of the UC-SC integrated systems by comparing
the response of the aligned set-up, as schematically shown in Figure 2.19 (a,b), to
the misaligned one.
Nattestad et al. showed that the set-up used to align the pump and the probe
enhances the DSC performance by the trap-filling, which in-turn enhances the
overall performance of the device due to the laser biasing. This could, however, be
a significant issue for DSC devices compared to other SC technologies. Further,
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they used a different alignment (Pseudo alignement) set-up as schematically shown
in Figure 2.19(c), where the pump beam has adjusted to arrive the sTTA-UC at a
greater angle to the probe. Consequently, this does not cause any artifacts to the
DSC response. Using the Pseudo alignement set-up shown in Figure 2.19(c), the
UC enhancement in the photocurrent of the D149-DSC over different bias light
intensities were measured (Figure 2.20) and a FoM of 1 µA cm-2 ʘ-2 was obtained.
In addition, the independence of the FoM on the light intensity suggests the
bimolecular process of the sTTA-UC process.

Figure 2.19: A schematic shows the two different scenarios used to measure the response
of the sTTA-UC-SC integrated device with the pump and the probe beams (a) aligned (b)
Misaligned and (c) Pseudo aligned (DSC case), where the pump beam was adjusted to
arrive the sTTA-UC layer at a greater angle to the probe.
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Figure 2.20: FoM dependence of the integrated device on the solar concentration factor.
Inset shows the dependence of calculated current gain (ΔJSC) from sTTA-UC with both
axes on a logarithmic scale. From [10].

The fast triplet decay of the rubrene, as well as its low sTTA rate in benzene were
limitations of the sTTA-UC system. This can be avoided by increasing the
concentration of the sensitizer. However, the sensitizer-sensitizer sTTA that occurs
at high sensitizer concentrations is mostly because of the sensitizers interactions
[21]. This results in a self-quenching of the sensitizer’s triplet exited-states.
Moreover, the PdPQ4NA used in the sTTA-UC was not the best option to be
integrated with the D149-DSC because of the overlapping between the DSC
absorption onset (600-700 nm) and the Q-band absorption of the porphyrin (600750 nm) [10].
Improving the DSC transmission and the EQE of the D149-DSC in the Q-band
absorption of PdPQ4NA and the rubrene emission regions, respectively, as well as
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a blue-shifted emitter (rubrene) or red-shifted sensitizer (PdPQ4NA) could
significantly could lead to more UC enhancements of the sTTA-UC integrated
system
In 2016, the same group replaced the single emitter by a dual emitter that consists
of rubrene and 9,10-Bis(phenylethynyl)anthracene (BPEA) ( with BPEA: rubrene
= 3 : 1 M/M) with a DSC device similar to the one previously used. The optical
absorption of the system’s components are shown in Figure 2.21. Replacing the
single emitter by a dual one lead to a FOM of 4.5(5) 10-3 mA cm-2 ʘ-2 for the DSC,
which is higher than that for and 2.8 10-5 mA cm-2 ʘ-2 than that of thr the a-Si:H
2.4 (0.1) 10-5 mA cm-2 ʘ-2[8]. One of the shortcomings of this setup is the use of
lock-in preamplifier, which does not allow for accurate measurements of the
photogenerated signal.
All the sTTA-UC-SC integrated devices mentioned above used the lock-in
technique to measure the UC enhancement in the photogenerated current. One of
the main shortcomings of the lock-in based software is the underestimation of the
measured photogenerated current during the chopped-light EQE measurements,
particularly at high frequencies. This can be significantly noticed for the DSC
devices because of their slow response. In addition, difficulties of measuring the
EQE enhancement effects when the power of the pump beam approached that of
the probe, causing a low contrast between the misaligned and aligned measurements
and a poor signal-to-background. This does not allow for accurate measurements of
the gain in EQE due to the sTTA-UC integrated system.
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Figure 2.21: The spectral properties of the two UC/device assembles in this study: (a)
absorption of PQ4PdNA (green) and emission of rubrene (orange) and BPEA (blue). IPCE
(solid) and transmittance (dash) of (b) a- Si:H, illuminated through glass substrate and (c)
DSC, illuminated through working-electrode. From [8].

Lock-in-based software has been used exclusively to measure the relative
enhancement of the EQE in the sTTA-UC-SC integrated systems. This is not
expected to present a serious issues if the sTTA-UC system is integrated with a SC,
such as silicon (Si) or Organic SCs, that has a fast response time (i.e. ns-us).
However, when using DSC with sTTA-UC integrated systems, the measured EQE
will suffer from inaccurate estimations due to the slow response time (i.e. ms-s) of
the DSCs, especially at higher chopping frequencies where the difference between
the photoresponse values measured by the lock-in software and the actual one
becomes more significant. Additionally, difficulties of measuring the EQE
enhancement effects when the power of the pump beam approached that of the
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probe, causing a low contrast between the misaligned and aligned measurements
and a poor signal-to-background. This does not allow for accurate measurements of
the gain in EQE due to the sTTA-UC integrated system.
Furthermore, the EQE enhancement due to the integration of the UC systems are
still well below the reported UCQY values [4, 6, 8-10, 96]. This could be due, but
not limited to: the low transmission of the SC at Q-band absorption region of the
sensitizer, the low EQE of the SC in the emission region of the emitter, selfreabsorption of the UC light by the UC solution, the deficiency of reflecting the UC
light to the SC and/or the scattering or reflecting of the UC light at the interface
between the UC unit and the SC.

2.10. Intermediate Band Solar Cells
The concept of introducing some impurities that cause the appearance of an
electronic or intermediate band (IB) in the bandgap of a SC was first introduced by
M. Wolf in 1960 [97, 98]. In intermediate band SCs (IBSCs), the photoexcitation
of electrons in the valence band to the conduction band can occur either by the
direct absorption of high energy photons or by the sequential excitation using two
lower-energy photons via the introduced intermediate band.
This enables the IBSCs to collect the inaccessible low energy photons thereby
increasing the generated photocurrent, consequently, increasing the theoretical
limiting efficiency. Extensive research activities have focused on deep level
impurities, quantum dot arrays, and highly mismatched alloys [97]. However, these
approaches have been frustrated by materials limitations and fabrication challenges
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[99], as well as fast non-radiative interband relaxation and selective photon
absorption [100].
In 2008, sTTA-IB-SCs integrated system based on organic molecules was proposed
by Ekins-Daukes and Schmidt [100], in which the molecular triplet level of the
sensitizer serves as the intermediate band. Using this proposed IBSC system, up to
46 % power conversion efficiency could be achieved under AM1.5 [14] [19],
however, sTTA-IB has not received much attention yet. A fundamental difference
between the molecular and inorganic IB-SC is that the molecular intermediate has
a long-lived triplet states rather than a partially-filled band of free carrier states.
Consequently, the electrical recombination through the molecular intermediate
band is avoided because it is a spin-forbidden, which can be hard to avoid in
inorganic intermediate bands [99]. Therefore, the following section will be focusing
on the sTTA-IB integrated devices and the work reported to date.

2.11. sTTA-IB Integrated Systems
sTTA-IB is the non-radiative analogue of the sTTA-UC, where electrons are
injected from the emitter/acceptor to the conduction band of the semiconductor then
extracted to the electronic circuit, rather than relaxing back to the ground state via
fluorescence as in sTTA-UC system.
One advantage of the sTTA-IB-SC device architecture over the sTTA-UC-SC is
that it can overcome the manufacturing complexity and obstructions faced by
sTTA-UC and other IB systems. Additionally, it generates a photocurrent from the
low energy photons under non-concentrated irradiation [101]. Further, sTTA-IB
helps in avoiding the optical coupling inefficiency of the upconverted light in the
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case of sTTA-UC systems, because of the reabsorption of the upconverted light by
the dyes and the light reflections at different angles.
A few studies have proven this principle in dye and organic solar cells [99, 101103]. Importantly, the conduction band of the used nanocrystalline semiconductor
should be located at lower redox potential than the oxidation potential of the singlet
excited state of the injector to facilitate the electron injection so that the sTTA-IB
process could occur. This will reduce the efficiency loss due to the photon
reabsorption, as it may occur in the case of sTTA-UC.
In 2015, Simpson et al. reported the first example of an IB-DSC, based on 2.5 µm
TiO2 film, with a simple device architecture [101], where 4,4′-(anthracene-9,10diylbis(ethyne-2,1-diyl))

dibenzoic

acid

(BDCA)

and

Pt(II)-

tetrabenzotetraphenylporphyrin (PtTBTPP, the sensitizer) was used as the emitter
and the sensitizer, respectively. The chemical structure, energy levels schematic, as
well as the PtTBTPP and BDCA absorption are shown in Figure 2.22. The device
structure is shown in Figure 2.23(a). After illuminating the IB-DCS integrated
device with an incoherent light in the wavelength range of 540 – 640 nm, a
photogenerated current that shows a superliner relationship against the excitation
intensity was obtained, as shown in Figure 2.23(b). This confirmed the multiple
photon absorption process, and consequently sTTA-IB, which was followed by an
electron injection to the conduction band of TiO2. On the other hand, an exciting
control device without BDCA showed no current response under the same
conditions.

56

Figure 2.22: Energy level diagram of IB-DSC, with excitation of BDCA (left structure,
blue states) occurring either by direct excitation with a single high energy photon (hν1) or
by two low-energy photons (hν2), absorptions, commencing with photoexcitation of
PtTBTPP (right structure, red states). The left inset demonstrates energetically favourable
electron injection into the TiO2 conduction band from BDCA (S1) but not BDCA (T1),
while the right inset shows the absorption spectra of PtTBTPP and BDCA (measured in
dimethylformamide (DMF)). From [104].

Figure 2.23: (a) Physical construction of an IB DSC device and (b) superlinear current
density response of an IB DSC device to PtTBTPP excitation (λ = 560–640 nm). From
[104].

Moreover, the transient absorption spectroscopy has been used in the absence of the
redox mediator to avoid the rapid regeneration of the BDCA+ to neutral BDCA, to
investigate the sTTA-IB system behavior. After exciting the integrated system at
610 nm (the absorption peak of PtTBTPP), it showed the spectral feature of the 610
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nm excited PtTBTPP sensitizer at shorter times, while resembled that of the 500
nm excited BDCA at t > 10 µs [101]. However, the energy transfer from the
sensitizer to the acceptor is still diffusion-limited and must compete with nonradiative decay. These measurements support clear evidence of the sTTA-IB
behaviour, meaning it will be potentially used to help us characterize the behaviour
of our sTTA-IB systems. This system is, however, dependent on the diffusionlimited contact and the energy transfer between the PtTBTPP sensitizer in the
solution, and the BDCA acceptor attached to the TiO2 surface.

Figure 2.24: Transient absorption spectroscopy of (PtTPTBP + BDCA | TiO2) after exciting
at 610 nm shows the normalized induced changes in absorption ∆OD for the sTTA-IB
system at 620 nm as functions of time. From [104].

Following this and inspired by the IB-DSC structure, Hill et al. [17] were able to
overcome the diffusion-dependence in Simpson’s system, as well as facilitating the
sTTA-UC and the charge transfer between the sensitizer and the acceptor by
introducing a self-assembled bilayer of sTTA molecular pair via metal ion linkage,
as shown in Figure 2.25(a). They reported that the self-assembled bilayer
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maximizes the dye loading and energy transfer, besides offering a good geometric
and spatial control of the acceptor-donor interactions at the interface.
The bilayer film depicted in Figure 2.25 (a) is prepared by stepwise soaking of
nanocrystalline TiO2 or ZrO2 films in three separate solutions of 4,4′ (anthracene9,10-diyl)bis(4,1-phenylene)diphosphonic acid (DPPA), Zn(CH3COO)2, and
Pt(II)tetrakis(4- carboxyphenyl)porphyrin (PtTCPP). PtTCPP sensitizer and DPPA
were chosen due to their efficient sTTA-UC process, and their energy levels
compared to the TiO2 and ZrO2 conduction band (C.B), as well as the energy
transitions are shown in Figure 2.25(b).
In Figure 4.25(c), the emission spectra of the three films: ZrO2-DPPA, ZrO2PtTCPP and ZrO2 DPPA-Zn-PtTCPP upon 532 nm excitation were measured after
exciting at 532 nm (2.5 W/cm2). It was seen that no high energy emission in the
range of 400 – 515 nm was obtained from either ZrO2-DPPA or ZrO2-PtTCPP. On
the other hand, an emission peak around 468 nm can only be seen when exciting
the DPPA-Zn-PtTCPP film. The authors demonstrated that this indicates the singlet
emission of DPPA emitter and that the self-assembled bilayer is an effective
architecture to facilitate either the sTTA-UC or sTTA-IB behaviour. They also
demonstrated that a photocurrent generation is also obtained from the direct
excitation and electron injection from the DPAA acceptor to the semiconductor.
Moreover, Figure 4.25(d), shows the peak photogenerated current density at
different excitation power density, ranging from 300 to 7000 mW cm-2, where the
peak photocurrent generated from the bilayers shows a change in the slope from 1.2
intensity to 0.61 at high excitation intensity which is a characteristic of the sTTA-
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UC systems. On the other hand, the peak current generated by the sensitizer only
shows a linear response, with a slope of 0.53, throughout the entire range of the
excitation power density. However, the requirement of a redox mediator to sustain
the photogenerated current by the cell were limitations for this system.

Figure 2.25: (a) The chemical structures of DPPA and PtTCPP, and a schematic
representation of the bilayer film on a metal oxide surface (MO2-DPPA-Zn-PtTCPP). (b)
Electronic transitions and relative energetics for DPPA and PtTCPP and the CB energies
of TiO2 and ZrO2. (Sn is the singlet state, Tn is triplet state, ISC = intersystem crossing, TET
= triplet energy transfer, TTA = triplet−triplet annihilation). (c) Emission spectra for ZrO2DPPA, ZrO2-PtTCPP and ZrO2-DPPA-Zn-PtTCPP in argon deaerated MeCN under 532
nm excitation (2.5 W/cm2) (d) Peak photocurrent density from TiO2-DPPA-Zn-PtTCPP
and TiO2-PtTCPP with respect to 532 nm excitation intensity. (TiO2 thin film working
electrode, a platinum counter electrode, 0.3 M TBAClO4 in N2 deaerated MeCN electrolyte
at 0 V applied potential). Adapted from [16].
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For further development for this system, Hill et al. used [Co(bpy)3]2+/3+ redox
mediator to sustain the photogenerated current from the DSC [103]. Figure 2.26(a)
shows the current-voltage (J-V) measurements of the DSCs using both the
monolayer and bilayer films, where the devices were measured under AM1.5 solar
irradiation that passed through a 495 nm longpass filter to avoid the direct excitation
of the DPPA. From this, a maximum efficiency of 1.6 × 10−5 % and a current density
of about 0.009 ± 0.002 mA/cm2 were obtained. The low photoresponse of the
TiO2−DPPA and TiO2−PtTCPP compared to the TiO2-DPPA-Zn-PtTCPP was
expected to be due to the lack of absorption of DPAA above 495 nm in the case of
the TiO2−DPPA device, while the insufficient excited-state electron injection
potential in case of TiO2−PtTCPP.
On the other hand, the use of the [Co(bpy)3]2+/3+ redox mediator was shown to limit
the sTTA-UC process by quenching the excited states of dyes, as shown in Figure
2.26(b). Moreover, the narrow bandwidth of the sensitizer’s absorption and the
energy transfer from the acceptor were also limitations of this system.
In order to overcome the sensitizer's narrow absorption bandwidth, a trilayer
architecture to incorporate multiple sensitizers was introduced by Dilbeck et al. in
2017 [14]. The trilayer architecture was achieved using the same strategy used for
the bilayer and the same acceptor but utilizing different sensitizers, being Pd(II)
meso-tetra(4-acarboxyphenyl)porphine

(PdP)

and

Pt(II)

meso-tetra(4-

carboxyphenyl)porphine (PtP). This way the multiple sensitizers work
cooperatively to increase the density of the acceptor's triplet state, lowering the
excitation power intensity to reach the threshold intensity (Ith), as well as increases
the sTTA-UC efficiency.
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Figure 2.26: Photocurrent density−voltage characteristics for DSSCs with photoanodes
composed of TiO2−DPPA, TiO2−PtTCPP, and TiO2-DPPA-Zn-PtTCPP and [Co(bpy)3]2+/3+
redox mediator under AM1.5 irradiation with a 495 nm long-pass filter. (b) Emission from
ZrO2−DPPA-Zn−PtTCPP without (black) and with (red) [Co(bpy)3]2+/3+ in MeCN under
532 nm laser excitation (532 nm notch filter). Adapted from [103].

Figure 2.27(a) shows the absorption spectra of the absorption spectra for the
trilayer as well as their constituent single sensitizer films on TiO2. Besides, the
calculated spectra, from the scaled sum of the single sensitized films, are shown as
dashed orange lines. DSCs were fabricated using the trilayer architecture and a
Co2+/3+ redox mediator, and the J-V measurements were performed under AM1.5
solar illumination that passes through 495 nm longpass filter preventing any direct
excitation for the DPAA acceptor. A current density of ~ 74.1 µA/cm2 was
measured for the trilayer DSC devices. Further, they found that the efficiency of the
trilayer (1.2 × 10−3 %) was 3 and 10 times higher than that of the TiO2-A-Zn-PdP
and TiO2-A-Zn-PtP, respectively, dual sensitized bilayers, as shown in Figure
2.27(b).
It was also shown that high triplet densities and peak high UC efficiency can be
achieved at below one sun (100 mW/cm2) illumination using dual and multilayer
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architecture. Despite the low efficiency of the reported devices, the authors
suggested that the sTTA-UC DSCs can be viable if some improvement were
implemented, such as increasing the sensitizer-to-acceptor energy transfer rate,
limiting the acceptor-to-sensitizer singlet energy back transfer rate, as well as
optimizing the overlap between the sensitizer and the solar spectrum, increasing the
injection yield from the acceptor’s singlet excited state to the semiconductor, as
well as reducing the triplets quenching losses by the redox mediators.

Figure 2.27: (a) Absorption spectra for the trilayer as well as their constituent single
sensitizer films on TiO2. The calculated spectra, from the scaled sum of the single sensitized
films, are shown as dashed orange lines (b) Photocurrent density-voltage characteristics for
DSSCs with anodes composed of trilayer (with A:PdP:PtP of 4:1:1) as well as their
constituent single sensitizer films on TiO2 under AM1.5 irradiation with a 495 nm longpass filter. Adapted from [14].

To understand the effect of the redox mediator on the excited states quenching, the
maximum efficiency threshold onset (Ith), as well as the sTTA-UC-DSC device
performance, Hill et al. used a series of cobalt complexes redox mediators, shown
in Figure 2.28(a), on the performance of the integrated device [15]. The redox
mediators were selected based on their wide range of potentials (0.5 – 1.2 V vs
NHE) and their similar size, in order to mitigate any effect of their diffusion rates.
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For all the devices, A (DPAA) and S (PtTCPP) were used as the acceptor and the
sensitizer, respectively.
The highest photocurrent enhancements in the sTTA-UC integrated devices under
one sun were achieved using CoII/III(phen)3 redox mediators, where a current density
of 158.4 µA/cm2, corresponding to an efficiency of 6.2 × 10−3 %, was obtained. On
the other hand, the use of CoII/III(tpy)3 showed the lowest enhancement in the
integrated devices under the same conditions. Interestingly, these highest and
lowest photocurrents and efficiency values also corresponded to the highest and
lowest emission intensities of the sensitizer PtTCTPP after exciting at 510 nm, as
shown in Figure 2.28(b).
Additionally, the Ith was found to decrease with the increase of the redox mediator
potential, where using CoII/III(pz-py-pz)3 (PF6) achieved the lowest Ith of 0.8 mW
cm-2, well below the solar irradiation intensities. This correlation between the wide
ranges of photogenerated current and Ith was expected to be because of the triplet
states quenching via (a) energy transfer or paramagnetic quenching by the Co2+
species and (b) electron transfer from the excited states to the Co3+ species. This
leads to diminished triplet-state lifetime, impacting overall sTTA yield [15]. It was
also suggested that redox mediators with high dye regeneration rates and low
quenching for the excited states are critical in maximizing the sTTA-UC integrated
devices.
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Figure 2.28: (a) The electronic transitions and energetics for TiO2, A, S, and the mediators
(vs. NHE) alongside the structure of the Co(II/III) redox mediators. (ISC = intersystem
crossing, TET = triplet energy transfer, TTA = triplet−triplet annihilation.) (b) Steady-state
emission quenching for PtTCPP (Ssans–COOH) in the presence of CoII/III mediators in
DMF (λex = 510 nm). Adapted from [15].
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In a further improvement for the trilayer sTTA-UC integrated devices, Zhou et al.
[18] has recently incorporated fluorescein as a singlet sensitizer (SS), which
absorbs in the S-A transmission window into the trilayer. The trilayer film shown
in Figure 2.29(a) was produced using the previously reported stepwise soaking
procedure [14, 17]. SS was selected because it has a carboxyl metal-binding group,
high fluorescence QY (~ 90 %), as well as its absorption range that matched the SA transmission window. This co-operative scaffolding reported the highest sTTAUC photocurrent density of 314 µA/cm2 yet achieved under solar irradiance.
Figure 2.29(b) shows the proposed mechanism for the singlet sTTA-UC SCs with
select productive and non-productive processes, highlighted in green and red,
respectively. The proposed mechanism has been briefly described as follows: after
the photoexcitation of SS, a singlet energy transfer (kET1) from SS to S occurs. This
followed by an ISC (kISC), energy transfer (kTET) from S to A, TTA (γ 𝑇𝑇𝑇𝑇𝑇𝑇 ) then an
electron injection from the singlet excited state of A to the conduction band of the
semiconductor (kinj 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 (𝐴𝐴∗1 ) ).
The fast kET1 and near-unity SS-to-S energy transfer were attributed to the spatial
proximity, as well as the strong spectral overlap between the absorption of S and
the emission of SS. Using the transient absorption measurements revealed the
negligible effect of the non-productive back energy transfer between the excited
triplet states of S and SS. On the other hand, the fast-back energy transfer (kbET)
from the excited single state of A to that of SS would be a major quenching pathway
for UC, however, this would be negligible when compared to the electron injection
rate from the excited singlet state of A to TiO2.
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They demonstrated the promise of the singlet sTTA-UC strategy to improve the
performance of the sTTA-UC integrated devices, however, the system must retain
high SS-to-S energy transfer efficiency, as well as the SS should not suppress the
dye regeneration by the mediator.

Figure 2.29: (a) Schematic representation of self-assembled trilayer (TiO2-A-Zn-S-Zn-SS)
(ET = singlet energy transfer; TET = triplet energy transfer; mig = triplet exciton migration;
TTA = triplet−triplet annihilation; e− inj = electron injection) (b) Productive (green) and
non-productive (red) dynamic events that occur in the TiO2-A-S-SS trilayer with their
associated experimentally determined rate constants (all units in s−1, except γTTA which is
in cm3 s−1). Adapted from [18].
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Furthermore, sTTA-IB has also been applied in solid-state organic PVs by Lin et
al. in 2017 [99]. They used a distinct sensitizer free spacer layer that reduces contact
between the site of triplet sensitization and the site of sTTA-UC. The device
consists of PtTPBP as the triplet sensitizer, α-sexithiophene (α-6T) and
diindenoperylene (DIP) as donor and acceptor (as shown in Figure 2.30(a)),
respectively. PtTPBP, α-6T and DIP were strategically selected to meet the
energetic requirements of the IBSC.
The singlet- and triplet-states energy levels of PtTPBP are located between those of
the α-6T, which serves as the sTTA host, to enable the triplet-sensitization cycle.
The charge transfer state of a-6T/DIP CT lies above the triplet level of α-6T to
constrain the photogenerated current only the to a-6T singlet excitons that were
generated using the sTTA-UC, as shown in Figure 2.30(b). After exciting the
sensitizer at 633 nm, the film emitted with a spectral shape identical to that of the
emitter, which was taken as a confirmation of the IBSC behaviour based on the
sTTA-UC process. Moreover, the integrated upconverted fluorescence intensity
showed a quadratic dependence on the incident power density at 633 nm, which
reflects the sTTA-UC bimolecular nature.
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Figure 2.30: (a) Device structure of the intermediate band solar cell (IBSC) and triplet
sensitized

solar

cell

(TSSC).

Molecules

shown

are

a-sexithiophene

(a-6T),

diindenoperylene (DIP), platinum (II) tetraphenyltetrabenzoporphyrin (PtTPBP), and
fullerene C60. (b) Exciton energy diagrams of the IBSC and TSSC. From [99].

2.12. Thesis Aims
UC systems face a number of challenges and limitations in regards to its integration/
incorporation into solar cells, specifically DSCs. Therefore, in this thesis the
following topics are addressed:
1) Developing a reliable and accurate approach to accurately measure the
photogenerated current and relative UC enhancement of the chopped-light EQE
measurements of the DSCs, sTTA-UC-SC, and sTTA-IB-SC integrated devices.
From this, the enhancement due to the sTTA-UC integrated system can be
evaluated more accurately.
2) Developing a model to predict the enhancement in the photogenerated current of
SCs due to the integration of the sTTA-UC system. This will identify the
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contribution that each component plays in the UC-SC integrated system and
decide what modifications will have the most benefit/enhancement for the
integrated systems.
3) Identifying the origin of losses between the high UCQYs of the sTTA-UC
systems and their low-performance enhancement after integrated into SCs.
4) Investigate to what extent the redox mediator type and concentration affect the
sTTA-UC process efficiency when integrated into DSCs. This will be addressed
using three different classes of redox mediators at different concentrations.
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3.

Experimental Methods

This chapter briefly describes the equipment and characterization techniques that
were used to help understand and investigate some of the physical and chemical
properties of materials. In addition, the methodology of sample preparation and
device fabrication are also included.

3.1.

Materials and Sample Preparation

3.1.1. Reagents and Materials
All the purchased chemicals used in the thesis were used as received. Table 3.1
summarizes all the chemical and materials used in this thesis, as well as their
specifications and manufacturers.
Table 3.1: A summary of all the chemicals and materials used throughout the thesis.

Material

Specification

Source

Fluorine-doped tin oxide (FTO)
glass

110 mm × 110 mm × 2
mm

Hartford Glass
Co.

Non-conductive plain soda-lime
glass

110 mm × 110 mm × 2
mm

Langson Glass,
Australia

Titanium (IV) diisopropoxide-bisacetylacetonate (TAA)

75 wt.% in 2-propanol

Sigma-Aldrich

Titanium (IV) chloride (TiCl4)
Iodine (I2)
4-tertbutyl pyridine (4-tBP)

99.90%
99.99%
98%

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Lithium iodide (LiI)

99.90%

Sigma Aldrich

Guanidinium thiocyanate (GuSCN)
Acetonitrile
Rubrene
Dimethylformamide (DMF)

≥99%
100.00%
98%
anhydrous, 99.8%

Sigma Aldrich
Sigma Aldrich
Sigma-Aldrich
Sigma Aldrich

Dimethylformamide (DMF)

≥ 99.9%

Honeywell

Hamamatsu Silicon Photodiode

S1337-1010BR

Tetrabenzotetraphenylporphyrin
platinum (II) (PtTBTPP)

NA
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Stantronics
Australia
Frontier
Scientific

Suryln gaskets
1,2-dimethyl-3-propylimidazolium
iodide (DMPII)
TiO2 paste
absolute ethanol

25 and 60 µm

Solaronix

Catalogue No."33152

Solaronix

18-NRT
NA

Tert-butanol

NA

Indoline dye D149

98%

Barium Sulfate (BaSO4)

CAS RN : 7727-43-7

Dyesol
Chem-Supply
Ajax
Chemicals
1-material,
Canada
Wako Pure
Chemical
Corporation

Ethyl cellulose

CAS No. 9004-57-3

Sigma Aldrich

4,4'-(anthracene-9,10diylbis(ethyne-2,1-diyl)) dibenzoic
acid (BDCA)

Synthesized in house

Ref [1]

Cobalt (II/III) tris-bipyridine
[Co(bpy)32+/3+ ]

Synthesized in house

Ref [1-3]

5,10,15,20 - tetrakis (3,5-di-tertbutylphenyl)-6′-amino-7′nitrotetrakisquinoxalino [2,3-b′7,8b″12,13-b‴17,18-b⁗] porphyrinato}
palladium(II) (PdPQ4NA)

Synthesized at the
School of Chemistry,
the University of
Sydney

Ref [4]

5,10,15,20-tetrakis(3,5-di-tert
butylphenyl)tetrakisquinoxalinoporphyrin palladium (II) (PdPQ4)

Synthesized at the
School of Chemistry,
the University of
Sydney

Ref [4]

Perylene monoimide (PMI)
Phenyl-Conjugated Oligoene (2d)

Synthesized at the
School of Chemistry,
the University of New
South Wales
Synthesized in house

Ref [5-7]
Ref [8]

3.1.2. Solution Preparation
Solutions used in this work were divided into two main groups: the first type was
used for the sTTA-UC experiment and the other was used for fabricating the DSC
devices. The first type was prepared in an argon-filled glove box to protect the
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sTTA-UC solution from deactivation due to the presence of O2. The internal
environment of the glove box was maintained to < 0.5 ppm. The other type of
solutions was prepared under ambient conditions in the laboratory and this was used
for fabricating the DSCs.
For the first type, all the following stock solution were prepared in the glove box:
• 2.5 µM PtTBTPP porphyrin, 2 mM BDCA dye
• Cobalt(II/III) tris-bipyridine (Co(bpy)32+/3+) electrolyte [220 mM Co(bpy)32+ +
33 mM Co(bpy)33+]
• Iodide-triiodide (I-/I3-) [0.05 M I2 + 0.5 M 4-tBP + 0.6 M DMPII + 0.1 M LiI]
• Tris(p-anisyl)amine (TPAA0/+) [0.1 M TPAA + 0.1 M LiClO4]
• UC-1 [0.6 mM PdPQ4NA+ 33 mM rubrene]
• UC-2 [1 mM PdPQ4 + 60 mM PMI]
• UC-3 [5 µM PtTBTPP + 2 mM BDA]
All these previous solutions were prepared in DMF except UC-1 and UC-2
solutions, which were prepared in toluene.
For the other type, the solutions used to fabricate the DSC working electrodes,
where O2 exclusion from the solutions was not necessary, were prepared on the
bench as follows:
• 0.2 mM 2d dye dissolved in acetonitrile (MeCN)
• 0.5 mM D149 dissolved in 1:1 (v/v) MeCN:tert-butanol (tBOH)
• 0.2 mM BDCA dissolved in 1:1 (v/v) MeCN: ethanol (EtOH)
• 2.5 µM PtTBTPP in DMF
• 1 mM BDCA in DMF
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• (Co(bpy)32+/3+) electrolyte [220 mM Co(bpy)32+ + 33 mM Co(bpy)33+)] in DMF
[1-3]
• I-/I3- electrolyte [0.05 M I2 + 0.5 M 4-tBP + 0.6 M BMII + 0.1 M GuSCN+
(acetonitrile / valeronitrile) (85/15 v/v)] dissolved in MeCN [9, 10]
• Tris(p-anisyl)amine (TPAA0/+) [0.1 M TPAA + 0.01 M NOBF4 + 0.1 M LiClO4]
[11, 12]
• Neutral tris(p-anisyl)amine (TPAA) [0.1 M TPAA + 0.1 M LiClO4]
• 1 µM PdPQ4, 1 mM PMI and rubrene in toluene

3.2.

Device Fabrication

3.2.1. Working Electrode Preparation
3.2.1.1.

Substrate Cleaning

FTO coated glass was used as a substrate and was sequentially cleaned using soapy
water, acetone, and ethanol in an ultrasonic bath for 20 min for each solvent. The
cleaned FTO glass was then dried under compressed airflow.
3.2.1.2.

TiO2 Blocking Layer

A dense and blocking layer of titania (TiO2) was deposited by spray pyrolysis of
titanium diisopropoxide bis(acetylacetonate) (TAA) precursor solution on the
cleaned FTO glass plates at 400 ºC. TAA precursor solution was prepared by
diluting the 75 % TAA in isopropanol to 1:9 (v/v) in absolute ethanol.
3.2.1.3.

Screen Printing of Mesoporous-TiO2 Film

After spray pyrolysis of the mesoporous-TiO2 layer onto FTO glass, it was cooled
down to room temperature, and a commercial TiO2 paste (Dyesol, 18NR-T) was
used to screenprint TiO2 films on top of the TiO2 blocking layer. TiO2 films were
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printed using a 90T mesh screen (8 mm × 8 mm active area) and a Keywell semiauto screenprinter, as shown in Figure 3.1.
The printed films were then removed and left in a closed petri-dish for 5-10 minutes
to allow the film to relax to remove mesh patterns before drying on a hotplate at
125 ⁰C for 15 minutes until it is dry. Following this it was sintered at higher
temperature with the program shown in Table 3.2. The thickness of the TiO2 printed
film, using the 90 T mesh, was measured by a stylus profilometer (Veeco
DekTek150) to be ~ 2.1 µm.

Figure 3.1: A photograph of the semi-automatic Keywell screen printer
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Table 3.2: Sintering program for the screen-printed mesoporous TiO2 films.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Ramp (min)

10

15

5

7

5

Temperature (ºC)

150

325

375

450

500

Duration (min)

10

5

5

30

15

3.2.1.4.

TiCl4 Treatment

The sintered TiO2 substrates were immersed into 0.02 M of aqueous TiCl4 solution
and heated to 70 °C for 30 minutes. After this, the TiO2 films were removed out of
the oven and cooled down to room temperature, rinsed thoroughly with water and
ethanol sequentially, then allowed to dry. Following this, the TiO2 films were resintered (to calcine the newly deposited TiO2, and remove any residue from the
process) at 500 °C for 30 minutes then cooled down to 110 °C.
3.2.1.5.

Working Electrode Sensitization

After cooling the TiO2 electrode down to 110 °C (NB it is kept above 100 °C to
avoid water condensing onto the electrode surface), it was then immersed in a dye
bath and kept in the dark and at room temperature, for a designated time. Specific
times are mentioned where appropriate in the experimental results chapters. After
dying, the electrodes were rinsed in the same solvent of the dye bath, then allowed
to soak for at least 2 minutes before being dried.
3.2.2. Counter Electrode Preparation
FTO was cut into approximately 20 mm x 20 mm slides. One hole was drilled into
each slide in one corner, approximately 2 mm from the edges. A drop of platinic
(H2PtCl6) acid solution (10 mM in ethanol) was cast onto the FTO side, smeared
with a Pasteur pipette, allowed to dry and then heated at 400 ºC for 15 minutes.
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3.2.3. BaSO4 Back Reflector Film
BaSO4 film was used as a back-reflector in the two cavities sTTA-UC DSC
integrated devices as shown in Figure 3.2 (b). BaSO4 screen printing paste was
prepared in house by Dr. Andrew Nattestad by mixing 4g BaSO4 particles, 20 ml
ethylcellulose [5 % in toluene/ethanol 80:20 (v/v%)] and 24 ml terpineol. They
were all mixed and the ethanol was evaporated off using a rotary vacuum
evaporation system. The films were screen-printed over a plain glass with a
thickness of 14 – 18 µm measured by the profilometer.
3.2.4. DSC and DSC-UC Integrated Device Assembly
3.2.4.1.

DSC Assembly

After preparing the working and counter electrodes as per Section 3.2.1 and Section
3.2.2, respectively, they were sandwiched into a device using a 25 µm Surlyn gasket
(external dimensions: 12 mm × 14 mm, internal dimensions: 10 mm × 12 mm) and
a pressure of 0.2 MPa, with a Kapton heater used underneath the counter electrode
to melt the Suryln, as shown in Figure 3.2(a).
After this, a drop of electrolyte was placed over the drilled hole in the counter
electrode and a microscope slide was placed on top. The device was then backfilled
by placing it in a vacuum chamber, followed by releasing the vacuum which causes
the electrolyte to enter the device. The device was then sealed with a piece of Surlyn
laminated to a transparent thin glass. The FTO edges were then cleaned with ethanol
and soldered using a cerasolzer 186 and ultrasonic soldering iron. The electrical
wiring was then attached using a standard soldering iron and lead-free solder wire
(99.3 Sn + 0.7 % Co).
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3.2.4.2.

DSC-UC Integrated Device Assembly

After assembling the DSC device as in Section 3.2.4.1, the integrated DSC-sTTAdevice can be assembled into an integrated device by sandwiching the DSC device
and the BaSO4 back-reflector film together. This was done in a way that the BaSO4
film was attached to the rear of the working electrode of the DSC device using a
120 µm (60 µm × 2 layers) Surlyn gasket (external dimensions: 14 mm × 16 mm,
internal dimensions: 12 mm × 14 mm). A pressure of 0.2 MPa, with a Kapton heater
(~ 120 ºC) used underneath the BaSO4 film electrode to melt the Surlyn, as shown
in Figure 3.2(b). The DSC-UC integrated device was then brought into the glove
box and UC solution was injected using a two-hole approach (Capillary effect) and
sealed with Surlyn backed aluminum foil.
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Figure 3.2: (a) and (b) show schematic illustrations of DSC device and two cavities DSCsTTA-UC integrated device, respectively, assembly (c) a photograph of cell press
incorporating a Kapton heater at 120 ºC and pneumatic press (0.2 MPa) for sealing devices
with Surlyn spacers.

3.3.

Characterization Techniques

3.3.1. UV-Vis Absorption Spectrophotometry
Ultraviolet-visible (UV-vis) spectrophotometry allows the optical properties
(absorbance, reflectance, and transmission) of materials in the solution, film, or
powder form to be measured. The difference in incident light intensity between the
sample (𝐼𝐼0 (𝜆𝜆)) and the reference (𝐼𝐼(𝜆𝜆)), as a function of the wavelength(𝜆𝜆), is used
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to calculate the transmittance (T) and absorbance (A) using Lambert-Beer law
(equation 3.1).
𝑇𝑇(𝜆𝜆) = (

𝐼𝐼(𝜆𝜆)
), 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 𝐴𝐴(𝜆𝜆) = − log 𝑇𝑇(𝜆𝜆) = 𝜀𝜀(𝜆𝜆) × 𝑙𝑙 × 𝐶𝐶
𝐼𝐼0 (𝜆𝜆)

(3.1)

Where 𝜀𝜀 is the molar extinction coefficient (or extinction co-efficient for non-

molecular systems) for solution samples or the attenuation coefficient for solid
samples, 𝑙𝑙 is the path length that light travels through the sample and 𝐶𝐶 is the

molecular concentration.

UV-Vis absorption spectrophotometry was performed both for solutions and DSC
devices using either a Shimadzu UV-1800 (Figure 3.3(a)) or Shimadzu UV-3600
(Figure 3.3(b)) spectrophotometer in the 300-800 nm range.

Any diffuse

reflectance and/or transmittance measurements were acquired using Shimadzu UV3600 with an integrating sphere (ISR-3100). Quartz cuvettes of 1 cm path length
were used for measuring the solution samples.

Figure 3.3: Photographs of (a) Shimadzu UV-1800 (b) Shimadzu UV-3600

spectrophotometer used in measuring the solutions and devices optical properties.
3.3.2. Current Density- Voltage (J-V) Characterization
Current Density- Voltage (J-V) of the produced DSCs measurements were carried
out using a solar simulator with an AM1.5 filter; set to one sun (100 mW/cm2) using
either I-V Curve PV Measurements Systems with (Model IV21 (L), Figure 3.4(a))
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or Oriel Sol2A Class ABA Solar Simulator (Model 94042A, Figure 3.4(b)) solar
simulator. The J-V measurement process included applying a bias, allowing the
device to equilibrate, measuring the current, dividing the measured current by the
photoanode area and repeating the measurement at least 4 times in dark/light.

Figure 3.4: J-V Measurements of the DSC devices were performed using (a) I-V Curve PV
Measurements Systems (Model IV21) (b) Oriel Sol2A Class ABA Solar Simulator (Model
94042A).

3.3.3. External Quantum Efficiency
3.3.3.1.

CW EQE Measurements for DSC Devices

To measure the EQE of the one-cavity DSC devices (non-UC-assisted or IB DSCs),
a QEX10 system from PV Measurements (Figure 3.5) was used. The EQE was
measured across a range of wavelengths (300-800 nm) in 5 nm steps using the DC
mode. The EQEs for a batch of at least three devices for each configuration were
measured and the average EQE of these devices was then plotted against the
wavelength.
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Figure 3.5: A photograph of the QEX10 system used to measure the EQE of the DSC
devices.

3.3.4. Photoluminescence Spectroscopy
All the photoluminescence (PL) measurements were recorded using a Horiba
fluorescence spectrometer (Fluorolog, FL3-221, Horiba). All steady-state emission
measurements were conducted using a 400 nm long-pass filter (Andover
Corporation Optical Filter, 400SC-01-50) in front of the excitation source (450 W
xenon lamp) in order to prevent any artifacts from second-order diffracted light.
The measurements were conducted using either standard 10 mm path length quartz
cuvette (3 ml, Starna, 21-Q-10) or micro quartz cuvette (180 µL, 2 mm path length,
Starna, 23-2.45/Q/2) supplied with a PTFE stopper. The cuvettes were filled with
the solution then sealed (using parafilm) inside the glovebox to avoid molecular
oxygen. All solutions were prepared in DMF. PL information was collected either
in spectrally resolved steady-state, or time-resolved transient measurements. The
details of each are reported as following:
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3.3.4.1.

Steady-state Emission Measurements

In this thesis, two different types of steady-state emission measurements were
performed to measure the emission and/or the excitation spectra of the sample.
During the emission spectra measurements, the excitation wavelength was fixed
while scanning emission over the desired wavelength range. This measurement
reveals the spectral emission properties of the investigated material.
Alternatively, the excitation light wavelength was scanned over the absorption
spectrum, while the emission wavelength was fixed, and the emission intensity was
displayed as a function of excitation wavelength. This type of measurement
produces excitation spectra that can be useful for investigating if the excitation over
the absorption spectra of the material leads to emission from the same excited state
or species [13].
The Fluorolog has two physical arrangements for measuring the emission: FrontFacing (FF) and Right Angle (RA) to the incident light modes, as shown
schematically in Figure 3.6. Herein, all the steady-state emission measurements
were acquired using the FF mode to minimize the self re-absorption effects by the
solutions. A photograph of the set-up is shown in Figure 3.7(a). Moreover, the slit
widths (sw) were carefully chosen to keep/control the measured emission intensity
to be around 106 counts per second (cps) to avoid saturating the photomultiplier
tube (PMT) detector and obtaining inaccurate emission intensity values.
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Figure 3.6: A schematic illustration shows the design of the Fluorolog used in the
photoluminescence and time-resolved emission measurements.

Figure 3.7: Photographs of Horiba fluorescence spectrometer (Fluorolog, FL3-221, Horiba)
and the setup used to measure (a) steady-state emission (b) time-resolved measurements.
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3.3.4.2.

Time-resolved Photoluminescence Measurements

The experimental setup for time-resolved Photoluminescence (TRPL) is very
similar to that for steady-state PL, except different excitation sources and excitation
modes were used (Figure 3.7(b)). TRPL measurements were measured using two
different configurations, corresponding to different time regimes: (a) if the sample’s
lifetime is within the nanosecond range, a laser with a repetition frequency of 25
kHz - 20 MHz is used (b) if sample’s lifetime is in the microsecond regime then a
laser of 0.1 Hz - 5 MHZ is used instead. The RA emission detection mode was used
in the case of performing the TRPL measurements.
3.3.4.2.1. Time-Correlated Single Photon (TCSP) Technique
For TRPL on a nanosecond timescale, a time-correlated single-photon (TCSP)
technique was used, where 470 nm (Horiba, NanoLED-470L) or 635 nm (Horiba,
NanoLED-635L) NanoLED lasers were used as the excitation source at 1 MHz
repetition rate. In TCSPC, single-photon events are detected, using a
photomultiplier tube (PMT) as a single photon sensitive detector, and their time of
arrival with respect to the excitation pulse is measured. Using a high repetition rate
pulsed laser, this process can be repeated many times and the photon distribution or
intensity over time is built-up as a histogram [14].
In TCSPC, it is also necessary to maintain a low probability of registering more
than one photon per cycle, i.e. keeping the alpha indicator (α) to about 2 % of the
excitation source repetition rate to avoid photon pile-up. This is to make sure that
the histogram of photon arrivals represents the time decay that would have obtained
from a single shot time-resolved analog recording, otherwise, this would result in
an overestimation of the measured decay rate. This is because the detector and
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electronics have a “dead” time for at least a few nanoseconds after a single-photon
event [15].
3.3.4.2.2. Multi-Channel Scaling (MCS) Technique
Multi-Channel Scaling (MCS) is a single-photon counting technique that has a
lower temporal resolution than TCSPC. The photons that reach the detector
generate pulses that are sorted into memory channels according to their arrival time
and a histogram is then built with a time resolution, which is determined from the
channel width.
The advantage of using MCS is the quick acquisition time, where a decay in the µs
range can be acquired in a few seconds. Additionally, long-time decays can not be
reliably measured with TCSPC mode, which makes the use of MCS mode
necessary. The minimum time resolution of MCS is, however, 10 ns whereas
TCSPC offers a minimum resolution of ~ 300 fs. For TRPL measurements in the
microsecond timescale, a multi-channel scaling (MCS) technique was used, where
a 625 nm SpectraLED laser (Horiba, SpectaLED-625) was used as the excitation
source at 100 kHz repetition rate.
The TRPL data, either TCSP or MCS, were then fitted using the associated DAS6
software package, which allowed us to use a number of fittings to determine the
lifetime(s) of the samples.
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Table 3.3: Summary of the time range, resolution and recommended lifetime
ranges for TCSPC and MCS modes.

Repetition
Technique
Rate

Excitation
Suitable
Time
Pulse
Average
Resolution
Width
Lifetime

Laser
Source

TCSPC

2.5 kHz
to
20 MHz

50 ps
to
1000 ps

300 fs
to
200 ns

50 ps
to
100 ns

635 nm
(Horiba,
NanoLED635L)

MCS

0.1 Hz
to
5 Hz

60 ps
to
1000 ps

10 ns
to
400 ms

100 ns
to
1s

625 nm
(Horiba,
SpectaLE
D-625)

3.3.5. Electrochemical Measurements – Cyclic Voltammetry
Cyclic voltammetry measurements were used to determine the oxidation and
reduction potentials of the dyes and redox mediators employed in this study. A
“three-electrode” system was used to perform the measurements. The
potentiostat applies a voltage between the working electrode and the reference
electrode, and the current only passes between the working electrode and
counter electrode. Figure 3.8 shows a schematic illustration of the experimental
setup. The measurements were carried out using a Biologic VSP Potentiostat
that was controlled by ECLab software.
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Figure 3.8: Schematic illustration of the three-electrode system experimental setup
connected to the potentiostat.

Cyclic voltammetry measurements of 0.3 mM BDCA, 0.1 mM PtTBTPP, 2 mM
TPAA0/+, Co2+/3+ (15 mM Co2+ + 2 mM Co3+), and I-/I3- (1 mM I2 + 10 mM LiI +
10 mM DMPII) were performed with a Ag/AgNO3 (1 mM AgNO3 in DMF)
reference electrode. The reference electrode was calibrated by recording the cyclic
voltammogram of “1 mM ferrocene + 100 mM TBAP”. Pt mesh and glassy carbon
(GC) were used as counter and working electrodes, respectively. All compounds
were dissolved in DMF and all experiments were performed at room temperature
after degassing all the solution with N2 for at least 5 minutes before doing the
measurements to remove the oxygen and other gases, which can influence the exact
redox potentials of the half-reactions. All experiments were repeated at least twice
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to check their reproducibility. 0.1 M TBAP was used as a supporting electrolyte
and a scan rate of 100 mV/s was used in all experiments. Singlet (E1 (S1 )) and triplet
2

(E1 (T1 )) excited-state reduction potentials were calculated using equation (6.1)
2

[16]:

ox
E1 (S1 or T1 ) = E1/2
− ∆Ges

(6.1)

2

ox
Where E1/2
is the ground state oxidation potential and ∆Ges is the thermally

equilibrated lowest energy excited state.

ox
) of BDCA and PtTBTPP were obtained
The oxidation potential values (E1/2

from CV measurements. ∆Ges for the singlet excited state of BDCA was

estimated from the intersection of the normalized absorption and emission
spectra (∆Ges (S1) = 2.55 eV). The ∆Ges for the triplet excited state potential
was estimated by Simpson et al. ((∆Ges (T1) ~ 1.7 eV) [1]. While ∆Ges for the

singlet and triplet excited state of PtTBTPP were estimated from a tangent line
to the inflection point of the lowest energy absorption onset ((∆Ges (S1) = 1.88

eV) and highest energy emission onset (∆Ges (T1) = 1.73 eV), respectively. The
ox
E1/2
of the dyes and mediators was calculated as in equations (6.2) and (6.3).
ox
E1/2
of dye (V) = Eox + Eox (Fc/Fc+)

ox
E1/2
of mediator (V) = [(Eox + Ered)/2 ] + Eox (Fc/Fc+)

(6.2)

(6.3)

3.3.6. Spectroelectrochemical Measurements

Absorption and PL properties of anionic and cationic species were acquired using
a custom spectroelectrochemical cell (SEC) shown in Figure 3.9. The SEC cell was
prepared on 25 mm × 25 mm FTO glass, where the counter electrode (CE), working
electrode (WE), and reference electrode (RE) parts were prepared by etching the
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FTO layer in between the electrode areas using laser engraver (1.06 μm, raster
etches using a Versa Laser P266 MW). The FTO glass was cleaned in soapy water,
acetone, and ethanol in sonication for 20 minutes each and the CE electrode was
platinized by adding a drop of 10 mM H2PtCl6 acid solution in ethanol on the CE
area followed by 15 minutes of heating at 400 °C. Then, the RE area was covered
by silver using a thermal evaporator (AVT custom build system supplied by AVT
Services) using silver wire under an operating pressure of < 5 × 10-5 mbar.
Following this, the cell was encapsulated with microscopic glass, using 60 um
Suryln, with 2 holes drilled in it to allow solution injection. The wires were then
connected to the WE, CE, and RE using the ultrasonic soldering iron (Step 4).
Finally, the solution was injected into the cell SEC inside the glove box and sealed
(Step 5). After filling the cell with a solution of 2.5 µM PtTBTPP and 0.1 M TBAP
supporting electrolyte, the absorption was measured. A Biologic VSP Potentiostat
was used to hold potentials during the oxidation/reduction processes.

Figure 3.9: Photographs of the spectroelectrochemical cell (SEC) used for measuring the
absorption and PL properties of PtTBTPP anionic and cationic species. Step 1: Etching the
electrodes on FTO glass; Step 2: covering the RE area with silver; Step 3: encapsulating
the SEC with a microscopic glass drilled with two holes in it; Step 4: wire connection; Step
5: PtTBTPP solution injection.
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3.3.7. Film Thickness Measurements
A Veeco Dektak 150 Stylus profilometer was used to probe the thickness of films
on substrates. The Dektak package software was used to control the profilometer
measurements. A photograph of the used Veeco Dektak 150 stylus profilometer is
shown in Figure 3.10.

Figure 3.10: A photograph of the Veeco Dektak 150 stylus profilometer used for film
thickness measurements.

3.3.8.

Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) measurements were recorded and measured
by Dr. Takeshi Mori and Dr. Patricia Hayes using Bruker AVANCE III HD 400
MHz in deuterated DMF. A photograph of the system is shown in Figure 3.11.
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Figure 3.11: Photograph of the Bruker AVANCE III HD 400 MHz NMR.

3.4.
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Chapter 4 A Regression Fitting
Approach for Chopped-light EQE
Measurements of Up-Conversion
Assisted and Up-Conversion
Integrated Dye-sensitized Solar
Cells
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4.1. Introduction
4.1.1. Background
A feature of chopped-light EQE measurements is that they underestimate the
photogenerated current response, although this is typically only by a negligible
amount. The extent to which this occurs depends on some of the parameters used
in the experiment, such as the applied chopping frequency, chopped beam intensity,
the bias beam intensity, as well as the charge mobility and the absorption of the
device-under-test (DUT) at a particular wavelength. This underestimation is
typically ignored for SCs which have fast photoresponse times such as silicon (Si)
SC or OPV, as it is small compared to the instrument noise and therefore considered
negligible . The photoresponse time is commonly reported as the time required for
the photogenerated current to reach 90 - 95 % of its steady-state/equilibrium [1-6].
On the other hand, this underestimation is critical in the case of DSCs due to their
relatively slow photoresponse [1], which is one of the main reasons that nonchopped measurements are more commonly employed. The challenges related to
the use of chopped-light EQE measurements were reviewed in greater detail in
Section 2.5 in Chapter 2.
Photocurrent enhancement in a SC from sTTA-UC has been measured using pumpprobe techniques [7-11]. sTTA-UC is a non-linear process at low light excitation
intensities and becomes linear only above a specific light intensity, known as the
threshold intensity (Ith) (this is explored in greater detail in Section 2.7) [12-14].
The low-intensity monochromated probe beam used to measure the EQE in
common measurement setups alone will not attain a significant sTTA-UC response.
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A non-chopped bias light (pump beam) is employed to selectively excite the
sensitizer [15]. This is to compensate for the non-linearity of the UC system
response, the light-intensity dependence, as well as the negligible UC output due to
low probe beam intensities used in the CW. The pump beam excites the sTTA-UC
solution behind the SC to provide a background concentration of the sensitizer (and
subsequently the emitter) triplet excited-states to increase the upconverted photon
yield induced by the chopped probe light, allowing comparisons to be made based
on bias-light intensities exerted by the pump beam [16].
Different bias light intensities are required to characterize and detect the UC
behaviour for a particular system, where a quadratic relationship between the bias
light intensity and the UC emission intensity is expected, as at least two low photons
are required to generate a higher energy photon. It should be also noted that the
bias-light should have a much higher light intensity compared to the probe beam,
as well as the SC should have minimal absorption (as close to zero as possible,
while still exciting the sensitizer) from the bias-light. In the case where the SC has
residual absorption in the excitation range of the bias-light, the probe and bias
beams should enter the setup from different angles that they are geometrically
aligned at the UC unit but not on the active area to avoid saturating the SC response
[15].
To date, all reported chopped-light EQE measurements of sTTA-UC-assisted DSCs
[10, 16, 17] have used lock-in amplifiers (specifically software-based ones) to
measure the EQE enhancements. When measuring a device response using a lockin amplifier, it only measures the minimum and maximum regularly detected signal,
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however, it does not take into account if those maximum/minimum signals are at
equilibrium or not. This often results in the underestimation of the photocurrent.
As mentioned above, the chopped-light technique does not allow for accurate
measurements of the photogenerated current when measured using a lock-in system
due to the slow response of the DSCs. This becomes more significant at higher
chopping frequencies where the difference between the photoresponse values
measured by the lock-in and the steady-state ones will be more significant, as shown
schematically in Figure 4.1.
On the other hand, using the lock-in to measure the EQE enhancement due to sTTAUC when integrated with SCs that have a fast time response (i.e. ns-µs), such as Si
SC or OPV, does not represent a serious issue as the measured current would be
nearly the same as when measured using a steady-state approach.
To overcome these issues in slow response SCs, such as DSCs, an EQE approach
that uses regression fitting to an exponential function was developed in this chapter.
The use of an exponential is derived from the device response behavior. Figure 4.1
shows a schematic illustration for the operation principle of the new approach while
using different chopping frequencies. In this approach, the measured device
response (solid red line) is extrapolated (dashed blue line) and the photocurrent is
calculated at equilibrium. The difference between the current which would be
measured using a lock-in technique and the extrapolated one can be clearly seen,
particularly at high chopping frequencies. The developed approach, presented in
this chapter, can be applied for any chopped-light EQE measurement for DSCs or
any device. It will be of particular interest for devices with slow photoresponse.
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Figure 4.1: Schematic illustration that shows the difference between the obtained values of
the photocurrent at (a) low (b) medium (c) high chopping frequencies when using a lockin technique and the new EQE approach developed in this chapter. ԏ is the time required

for the photogenerated current to reach 95 % of its equilibrium.

EQE is an important characterization method to measure the current response of the
SCs. Two different methods for EQE measurements with certified equipment were
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put forward in the American Society for Testing and Materials (ASTM) [1, 18, 19]
as 1) continuous-wave (CW) measurements and 2) chopped-light measurements.
In CW mode, a non-modulated continuous monochromatic beam is used to irradiate
the SC and the photogenerated current generated by the SC is measured. This
technique is convenient for SCs with a slow response (i.e. hundred milliseconds to
a few seconds), such as DSCs [3]. On the other hand, in the case of chopped-light
measurements, two different light beams are used 1) chopped monochromatic beam
(probe) to allow for the lock-in detection of the SC current and 2) continuous-wave
bias light [7, 15]. From this, the photogenerated current due to the incident
monochromatic beam, as well as the effect of the bias light intensity, can be
obtained.
CW measurements suffer significantly from fluctuations of bias light and external
noise, which take a long time to average out. In addition, measuring in the dark
improves the measurement signal, but introduces a significant error in both the
measured value and the shape of EQE affecting, as well as affecting the mismatch
factor correction for the Current-Voltage measurements of the SC [20]. Therefore,
the use of the chopped-light EQE measurement method is more appropriate and
accurate for SCs based on p-n junction because of their high charge mobility (5 x
10-1 – 10-3 cm2/Vs) [21-23] to the incident light and the generated current reach its
steady-state rapidly (< 1 ms) which does not impact the magnitude of the observed
photocurrent response [1, 4]. For SCs that have a rapid response time, such as Si
SCs, EQE measurements were reported at high frequencies, in the 100’s Hz range
[16, 20, 24, 25], and are independent on the chopping frequency.
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Using low chopping frequencies poses other practical challenges such as the
difficulty to get a uniform chopping speed at such low frequencies, as well as, the
longer required times to perform the measurements and noise from low-frequency
bias light. Specifically, (a) EQE decreases noticeably by increasing the chopping
frequency because of the underestimation of the photogenerated current (b)
different regions of the EQE spectrum will be impacted to different degrees, i.e. the
photoresponse at wavelengths where the SC has low absorption (and/or the probe
light is weak) would be more significantly underestimated than those at/near the
absorption peak, due to the resulting different charge densities [3]. In other words,
the underestimation of the photogenerated current when using the lock-in detection
technique will be the minimum where the absorption intensity is the strongest.
For the sTTA-UC-assisted and integrated SCs reported to date, the measured
photocurrent densities, due to the UC mechanism, are very small and are likely to
be inaccurate. This will also be due to the low signal-to-noise ratio (SNR). This is
to say, the frequencies used to perform the chopped-light EQE measurements
should not be a multiple or a factor of 50 Hz to avoid the noise due to electrical
interference from the power system and the background light from room lightning
reaches the SC.
In the case of UC-SC integrated devices, the observed peak-to-peak photocurrent
response will decrease with increased chopping frequency, as shown schematically
in Figure 4.1. As the photogenerated current due to the UC system integration is
generally still quite small [7-11], the time required to approach equilibrium (e.g.
ԏ90−95% ) is longer, particularly when integrated with DSCs because of their slow

response. These results underestimate the photogenerated current. Therefore, for
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DSCs where the photogenerated current has a non-linear relationship as a function
of light intensity, such as DSCs based on ionic liquids, low chopping frequencies
are recommended to perform the chopped-light EQE measurements [24].
In 2012, Cheng et al. reported the first UC-SC device combining a hydrogenated
amorphous Si (a-Si:H) SC and an sTTA-UC system. The relative efficiency
enhancement for this integrated system was obtained from the comparison of the
EQE measurements with pump and probe beams aligned and misaligned, in such a
way that the SC was subjected to approximately the same background illumination
conditions for the two scans (discussed in details in Section 2.9) [7]. Relative
efficiency enhancement of 1.8 % at 670 nm under 174 ± 12 ʘ (equivalent-sun)
when using “PdPQ4 + rubrene” UC system at the rear of the a-Si:H SC was
obtained. On the other hand, using the slightly modified sensitizer, PdPQ4NA,
instead of PdPQ4, a 1 % relative increase in EQE at 720 nm was obtained under 48
± 3 ʘ. This work was followed by a series of experiments on organic and a-Si SCs

that used the measurement setup and similar UC systems [11, 16, 26, 27]. As sTTA-

UC process is quadratic at low excitation power densities, these values can be
converted to a current change per sun squared to give 2.8 × 10-5 and 13 × 10-5 mA

cm-2 ʘ-2 for PdPQ4 and PdPQ4NA UC systems, respectively, meaning around a 4fold increase in the EQE when using PdPQ4NA instead.
In 2013, Nattestad et al. reported the first sTTA-UC-DSC integrated device, where
(PdPQ4NA + rubrene) UC system was used at the rear of the DSC [9, 10]. A relative
efficiency enhancement of 1.14 % at around 720 nm (and a 0.08 % gain in the EQE
at 670 nm) was obtained under a bias light equivalent to 24 ʘ, using the same setup
used by Cheng et al. [7], except the pump beam was directed onto the sTTA-UC
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layer at an angle instead of directing it through the active layer of the SC to avoid
any interference from the pump with the cell. This was also followed by another
publication from the same group where a dual emitter UC system was used instead
and a relative gain of 1.4 % in the EQE of the DSC was obtained [16].
This chapter will be focused on addressing these shortcomings and towards creating
an EQE measurement approach suitable for DSC-UC integrated systems. A widely
used palladium sensitizer (PdPQ4NA), D149 dye and another with a blue-shifted
absorption (“2d” dye), and BDCA dyes were used throughout this chapter.
PdPQ4NA + rubrene) sTTA-UC system was chosen as it previously showed to
enhance a-Si-H, OPV, and DSC devises performance, which has similar absorption
and transmission spectra [8-10, 28]. Moreover, the peak emission of rubrene is
complementary to the region of the highest EQEs of D149 [29, 30], as well as 2d
dye.
4.1.2. Aim and Objectives
It is necessary to establish a characterization technique to measure the current
enhancement due to the UC component of the UC-assisted and UC-integrated
devices, and to do so with a consistent and accurate methodology. Therefore, this
chapter aims to address and overcome the issues related to the use of lock-in
detection techniques. Knowing the DSC response behaviour, a custom EQE
software that uses an exponential regression fitting to extrapolate the equilibrium
response from the DSC device, as shown in Figure 4.1, was developed. This will
be explained in greater detail in the following sections. Moreover, the coherent and
high light-intensity sources previously used by our group and others [7-10, 16, 27]
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were replaced by a non-coherent beam generated by a xenon lamp, and using a
beam splitter to create a: 1) non-chopped bias light beam and 2) chopped beam.

4.2. Experimental Methods
4.2.1. Materials and Chemicals
Table 3.1 summarizes the source of all the materials and chemicals used in this
Chapter.
4.2.2. Device Fabrication
4.2.2.1. DSC Fabrication
The DSC devices were fabricated as described in Section 3.2.4.1. Briefly, FTO
glass was sequentially cleaned using soapy water, acetone, and ethanol in an
ultrasonic bath for 20 min for each solvent. A blocking layer TiO2 was deposited
on the cleaned FTO glass plates at 400 ºC. After cooling down to room temperature,
2.5 µm TiO2 films were screenprinted onto the TiO2 blocking layer followed by
sintering at 500 ºC. The sintered films were then dyed in a solution of 0.2 mM
BDCA, 0.5 mM D149 or 0.5 mM 2d overnight and rinsed thoroughly and dried
before being sandwiched into a device with a counter electrode of a platinized FTO
glass slide. The electrolyte solution, either Co2+/3+ [220 mM Co2+ + 33 mM Co3+]
for BDCA DSC devices or I-/I3- [0.05 M I2 + 0.5 M 4-tBP + 0.6 M DMPII + 0.1 M
LiI] for D149 DSC devices, was introduced into the filling port drilled in the counter
electrode by the vacuum back-filling technique, and the filling port was then closed
with a piece of Surlyn laminated to aluminum foil.

110

4.2.2.2.

sTTA-UC Solution Preparation and Integration Into Device

The sTTA-UC DSC integrated devices were fabricated as described in Section
3.2.4.2. Briefly, the sTTA-UC solution was prepared in the glovebox by dissolving
PdPQ4NA along with rubrene in tetralin to a concentration of 0.6 mM and 33 mM
rubrene, respectively. 14 µm thick BaSO4 back-reflector film was screen printed on
pre-cleaned plain soda-lime glass with two holes drilled along the long edge. This
is to allow optimum optical output from the sTTA-UC solution in combination with
the used concentrations. The BaSO4 reflector was then sandwiched with the D149
DSC in a way that the D149 DSC active area is directly in front of the printed BaSO4
reflector. The sTTA-UC solution was then introduced into the back cavity, using
the two holes drilled in the soda plain glass, which were then sealed using
aluminum-backed Suryln.

4.3. Characterization
4.3.1. UV-Vis Spectroscopy
UV-Vis absorption spectra of the DSCs were measured using Shimadzu UV-1800
spectrophotometer.
4.3.2. Photoluminescence Spectroscopy
The steady-state emission spectra of the UC solution and rubrene emitter were
performed using the Horiba fluorescence spectrometer as described in Section
3.3.4.1, where a quartz cuvette with a 1 cm path length was used for these
measurements.
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4.3.3. CW EQE Measurements
External quantum efficiency characterizations for DSC devices without the UC
system were acquired as described in Section 3.3.3.1.

4.4. Chopped-light EQE Measurements
4.4.1. Experimental Setup
To yield a measurable UC response, a CW bias-light (pump beam) was employed
to selectively excite the sensitizer. The pump beam excites the sTTA-UC solution
behind the SC device to provide a background concentration of the emitter triplet
excited-states to increase the upconverted photon yield induced by the chopped
probe light, allowing comparisons to be made based on bias-light intensities exerted
by the pump beam [16]. The monochromatic probe beam was chopped and the
resulting signal generated from the device was fed into Stanford Research Systems
SR570 preamplifier connected to an NI USB-4431 multipurpose data acquisition
card, which is read into a custom LabView software package on a PC.
The physical setup used herein, to measure the EQE of the sTTA-UC-DSC
integrated device, was based upon a previously reported one by Nattestad et al.[10]
with some modifications, as shown schematically in Figure 4.2. A broadband light
beam, generated from a 1kW Xe long arc lamp, was used as the light source then
and passed through a 405 nm longpass (LP) filter (BLP1-404R-25) to block the UV
radiation and reduce the ozone generation within the laboratory. A 1:1 beam splitter
was used to produce the bias light beam after passing through a 620 nm LP filter,
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and an attenuator to control the intensity of the bias beam, while the other was
passed through a monochromator and was used as the probe beam.
The probe beam was chopped and passed through a computer-driven
monochromator (Spectral Products CM110, 14 nm bandpass). The monochromatic
light intensities were measured, using a 918D-SL-OD3R power-meter, as they
reached the SC device and were in the order of 0.02 mW/cm2 at 450 nm. The probe
light was also split using a glass slide (~ 4 % reflectivity), with the weaker beam
focused on a calibrated Si photodiode (918 D-UV-OD3) as a reference, while the
other used to excite the SC device. The bias and probe beams were superposed and
guided into the SC device with a polarizing beam splitter. The bias beam intensity
was measured using a power meter (Newport 1936-C) that was placed in the
corresponding location of the SC device before starting the measurements. In order
to measure the improvement in the DSC performance due to the sTTA-UC,
different bias light intensities were used, where the probe and pump were aligned
on the UC behind the SC.
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Figure 4.2: A schematics of the optical setup used for the chopped EQE experiment measurement. OAP = Off-Axis Parabolic mirror; ND = Neutral Density
filter; and UV Abs = Ultraviolet-absorbing filter.
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4.4.2. Chopped-Light EQE Software Operational Principle
This section provides an introduction to the principles of the developed EQE
software for the chopped-light EQE measurements and how the signal modulation
was exploited to accurately extract the device photoresponse. To perform
preliminary tests on the new EQE software, a Si photodiode (PD) was used in place
of the SC device as the DUT, as well as the reference due to their rapid response,
for development purposes. Figure 4.3 shows a block diagram of the operation of
the developed EQE software and the intermediate steps involved in processing the
raw data obtained from the devices' photoresponse. The code of the developed EQE
software was written in Python by Dr. Cormac Fay.
After the measurements have been acquired as described earlier in Section 4.4.1,
the reference device and DUT photoresponses at each wavelength in the scanned
wavelength range (typically, 600–750 nm, around the Q-band absorption peak of
the sensitizers) have been saved as data files generated by a LabView control
software. The LabView software saves these data in two columns as output voltages
from the photodiode and the DUT, via a pre-amp, in a TSV (tab-separated values)
format, as well as a specific file name format.
As for the data representation format, two columns were generated: one represents
the reference response while the other represents the DUT response. The file
naming was set to capture relevant metadata. It was saved in the format of “Device
name_ chopping frequency_ preamplifier sensitivity_ sampling rate_ measured
wavelength”. In addition, these data files were also saved in a folder that also had
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the naming format of “Bias beam intensity_ preamplifier sensitivity_ preamplifier
input offset_ chopping frequency_ sampling rate”.
These data files were then imported and read by the EQE software and metadata
was extracted from the titles to obtain the sampling rate, as well as the chopping
frequency. From this, the sampling period (1 / sampling rate) was determined and
used to assign the time for each data point and stored in a third “time” column. At
each wavelength, a number of chopper cycles were measured and the corresponding
photocurrent data was collected. For each wavelength, the following was
performed:
Using that sampling period and the chopping frequency, a global regression fitting
for the reference was applied using the regression models represented by equations
(4.1) & (4.2) for a capacitor’s charge-discharge behaviour, which is similar to the
behavior of the studied process and describes it well. Combining the two equations
describes the response of one charge-discharge cycle, which can be extended to
describe the response of all the cycles in each data set.
The reference Si PD has a strong absorbance across the testing wavelength range
(typically, 600 – 750 nm). This is expected to be converted to a significant
photoresponse at all the tested wavelengths, which is not the same for the sTTAUC-DSC, particularly at wavelengths longer than 650 nm. Therefore, the
photoresponse time of the reference is critical in determining the status
(open/closed) mode of the chopper.
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As the photoresponse of the reference consists of a series of growth and decays, as
seen in Figure 4.1, therefore, the EQE software modeled the entire reference data
set through a series of growth and decays using equations (4.1) & (4.2).
𝐴𝐴(𝑡𝑡)𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ = 𝐴𝐴0 �1 − 𝑒𝑒 (−𝑡𝑡/ԏ � + 𝑐𝑐

(4.1)

𝐴𝐴(𝑡𝑡)𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐴𝐴0 �𝑒𝑒 (−𝑡𝑡/ԏ � + 𝑐𝑐

(4.2)

Where 𝐴𝐴(𝑡𝑡)𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ is the growth photoresponse amplitude, 𝐴𝐴(𝑡𝑡)𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the decay
photoresponse amplitude, 𝐴𝐴0 is the value of the photoresponse amplitude at a time

(t) = 0 sec, ԏ is the photoresponse time and c is the initial voltage value of the

growth from which it starts to rise/grow. From this, the photoresponse parameters
(A, ϕ as the phase shift, ԏ, and c) of the best-fit for the reference were determined
using a histogram and applying an Otsu thresholding algorithm [31, 32]. The ϕ
values for the reference and the DUT should be the same as they are being chopped
at the same frequency. It should also be noted that initial estimate of A, ϕ, ԏ and c
was assumed to be located within the following ranges:
- A = [-Vrr: +Vrr], where Vrr is the rail-to-rail voltage of the used preamplifier. In a
perfect system, the data distribution is bimodal [33]. Due to the noise disrupting
the measurements, a few outliers were encountered through experimentation.
Therefore a more robust approach was considered to take such eventualities into
account. Consequently, Otsu thresholding approach was used. In this approach,
A was estimated according to the following steps:
1) Applying the Otsu thresholding algorithm on the data to be analyzed.
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2) Separate the data into two categories: growths and decays.
3) Getting the maximum amplitude value of each of the growth and decays.
4) Calculate the difference between the maximum of growth and the decays to
obtain the amplitude.
In the case of the preamplifier used here (SR570), the Vrr value was 5 V.

- ԏ = [0.0001: 0.1] sec, which was chosen based on the reference photoresponse
time. Due to the Si PD rapid response and the square-like waveform, a ԏ value
within this range is expected.
- c = [-Vrr: +Vrr], as the maximum voltage value that can be measured using the
maximum range of Vrr for a particular amplifier.
- ϕ (ref) = [0: T] explored repeatedly in (T/10) steps, where T (1/chopping
frequency) is the chopper period. ϕ is the difference in phase between the
reference response and the fitting model.
After applying the global regression fitting on the reference data set, the best-fitting
parameters (A, ϕ, ԏ), particularly ϕ, were then used to determine the time bands for
the subsequent exponential growth and decay events of the DUT. From this, a
global regression fitting of the DUT data set at each wavelength was applied and
the optimized fitting parameters were obtained, where the ϕ values for the reference
and the DUT should be the same as they are chopped at the same frequency.
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The global fitting of the DUT was applied as an initial approximation of the
expected values of the fitted parameters for the DUT. This is because going straight
to the local fitting tended to result in some local minima/maxima diverging. Using
the global fitting parameters obtained for the DUT, especially ϕ, a local regression
fitting of the individual cycles of the DUT was then applied. From this, the average
amplitude of the individual cycles, as well as the amplitude statistics (e.g. average,
median, standard deviation (StDev) and signal-to-noise (SNR) ratio), for each
wavelength was determined and will be shown in detail later in this section.
Additionally, the method used to calculate the average amplitude will be explained
later in this section.
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Figure 4.3: A schematic illustration shows the block diagram of the new EQE software.
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Following this, a testing model was then used to detect the outliers in the provided
dataset. Three different sub-plots (two for each wavelength and one for the whole
spectrum) were then generated by the EQE software as following:
1) A plot of the reference measured and globally fitted data at each wavelength.
2) A plot of the DUT measured, globally fitted and locally fitted data for each
wavelength.
3) A spectrum plot of the globally and locally fitted average amplitude of the DUT
vs. the wavelength.
For example, Figure 4.4 shows a screenshot of a Si PD response as the DUT and
another Si PD as the reference has been measured then the data were analyzed using
the developed EQE software. Figure 4.4(a) shows the Si reference measured and
globally fitted amplitudes at 620 nm, while Figure 4.4(b) shows the Si PD (DUT)
measured, globally and locally fitted amplitudes at 620 nm. Figure 4.4(c) shows
the spectrum of the globally and the locally fitted average amplitude of the Si PD
(DUT) in the measured wavelength range (600 – 780 nm).
Using the preamplifier sensitivity used to collect the measurements, the device
amplitude was converted to current (𝐼𝐼𝑠𝑠𝑠𝑠 ). Finally, the current response was used
along with a calibrated Si PD to provide an EQE curve using equation (4.3).

𝐸𝐸𝑄𝑄𝐸𝐸 =

𝐼𝐼𝑠𝑠𝑠𝑠

𝑒𝑒 𝜌𝜌

=

𝐼𝐼𝑠𝑠𝑠𝑠 × 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒 𝜌𝜌

(4.3)

Where e is the elementary charge and 𝜌𝜌 is the AM1.5 solar flux in photon per area
per time per wavelength.
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Figure 4.4: A screenshot of (a) Si reference measured and global fitting amplitudes at 620
nm (b) the Si PD (DUT) measured, global fitting and local fitting amplitudes at 620 nm (c)
the spectrum of the global and local fitting average amplitude of the Si PD (DUT) in the
measured wavelength range (600 – 780 nm).

Moreover, calculating the average amplitude (𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 ) corresponding to each
wavelength has been done in two stages: 1) calculate the amplitude for each of the
individual cycles from the difference between the fitted values of 𝐴𝐴 (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ)𝑡𝑡=∞

and 𝐴𝐴 (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)𝑡𝑡=∞ , as can be seen from the schematic illustration in Figure 4.5,
and using equation (4.4) 2) calculate the average value of all the individual cycles
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that exist in that wavelength to get the average amplitude, as shown by equation
(4.5).
𝛥𝛥𝛥𝛥 = 𝐴𝐴 (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ)𝑡𝑡=∞ − 𝐴𝐴 (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)𝑡𝑡=∞
𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 =

( 𝛥𝛥𝛥𝛥1 + 𝛥𝛥𝛥𝛥2 + 𝛥𝛥𝛥𝛥3 + ⋯ + 𝛥𝛥𝛥𝛥𝑛𝑛 )
𝑛𝑛

(4.4)
(4.5)

Where n is the number of cycles per wavelength.

Figure 4.5: Schematic illustration shows how the amplitude of the individual cycles is being
estimated as the difference between the growth and decay amplitudes at t = ∞.

Four additional tables were produced by the EQE software, as shown by the
example in Figure 4.6, to give more statistical information for each of the reference
and DUT to enable the user tracking, identifying, removing, or correcting the
outliers or odd results. The four tables are as follows:
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a) Reference and device table #1: This table gives the average and median values
of the amplitude, standard deviation (StDev) and SNR of the reference and DUT
for the selected wavelength.
b) Reference and device table #2: This table gives the coefficient of determination
(R2), average amplitude (A), ԏ, c and ϕ of the reference and DUT for the selected
wavelength.
c) Individual cycles table: This table gives the 𝐴𝐴 (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ)𝑡𝑡=∞ , R2 (Growth),
𝐴𝐴 (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)𝑡𝑡=∞ , and R2 (Decay) and the 𝛥𝛥𝛥𝛥 (calculated by equation (4.3)) of the
local fitting of the individual cycles for a particular wavelength.

d) Spectrum table: This table gives the same information as in the reference and
device table #2 but overall the scanned wavelengths.
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Figure 4.6: Shows a screenshot of the tables produced by the EQE software for a Si PD at
the DUT and Si PD as the reference (a) Reference and device table #1. (b) Reference and
device table #2. (c) Individual cycles table and (d) Spectrum table. These measurements
were performed at a bias light intensity of 200 µW cm-2 and a chopping frequency of 3 Hz.

4.5. Results and Discussion
4.5.1. Absorption and Emission Measurements of the sTTA-UC-DSC
Integrated System
In this Chapter, the integration of D149 dye-based DSCs with a reported UC
solution consisting of PdPQ4NA sensitizer and rubrene emitter (UC-1) solution was
used as the DUT [9, 10]. Figure 4.7(a) shows the absorption spectra of D149 dye
on 2.5 µm TiO2 film, and PdPQ4NA sensitizer, as well as the emission spectra of
rubrene emitter and UC-1 solution. The chemical structure of these molecules is
also shown in Figure 4.7(b). The steady-state emission spectrum of the UC-1
solution was collected after photo-exciting the UC-1 solution at 675 nm (the Q-

125

band absorption peak of the PdPQ4NA sensitizer) yielded apparent anti-Stokes
emission feature matching that of rubrene prompt fluorescence and were in good
agreement to the literature [9, 11, 16, 28].
(a)

D149 abs on TiO2

1.0

PdPQ4NA abs
Rub Em

Norm. Abs / Em

0.8

UC-1 Em

0.6
0.4
0.2
0.0

400

450

500

550
600
Wavlength (nm)

650

700

750

Figure 4.7: (a) Normalized absorption (solid lines) and emission (dashed and dotted lines)
spectra of D149 dye on 2.5 µm TiO2 film (blue), rubrene emitter (dashed, purple),
PdPQ4NA sensitizer (green) and UC-1 (dotted, pink) (b) The chemical structure of
PdPQ4NA sensitizer, rubrene emitter and D149 dye. The absorption of PdPQ4NA was
measured by Yuen Yap Cheng at the University of New South Wales.

126

4.5.2. CW EQE Measurements
The D149-DSC devices and UC-1 solutions were prepared and fabricated as
mentioned earlier in section 4.2.2. Figure 4.8 shows the EQE spectrum of D149based DSC using a 2.5 µm TiO2 film and I-/I3- electrolyte. It can be clearly seen that
the D149-DSC has a high peak EQE (~ 80 %) around the UC emission peak (570
nm, the region shaded in grey) and high transmission around the Q-band absorption
of PdPQ4NA sensitizer (650-750 nm, shaded in light red). This makes D149-DSC
a good fit to be integrated with the UC-1 system. D149-DSC performance has been
characterized using CW EQE (Section 4.2.3.3) and transmission measurements
made before being integrated with the UC-1 system for the developed EQE
software validation and testing purposes.
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Figure 4.8: The EQE (solid) and transmission (dashed) spectra of D149-DSC (black) and
2d-DSC (blue). The DSCs are made with 2.5 µm TiO2 film thickness and using I-/I3electrolyte. The UC emission region (500 – 700 nm) is shaded in light grey while the Qband absorption region of PdPQ4NA sensitizer is shaded in light red.
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4.5.3. Chopped-Light EQE Measurement Developments
Xiao Gou et al. showed that determining the spectral response of DSCs should be
done with chopping frequencies lower than 2 Hz, and generally lower than “1/20”
of their response time [1], which was also confirmed by Guogang et al. in 2012 [3].
They found that the initial increase in the photogenerated current increases, which
in turn decreases the response time, by increasing the bias light intensity. A decrease
in the steady-state current overtime was then seen after it reached its maximum at
high bias light intensity. The increase was explained that filling the trap states was
responsible for that change in current and response time when using different bias
light intensities. Moreover, the decrease in the photogenerated current overtime at
high bias light intensity is a characteristic of the ion transport limitation of the
electrolyte. Consequently, DSCs prepared in different ways may show different
characteristics in their response.
Therefore, to probe the device response to chopped-light EQE measurements and
thereby measure the photogenerated current due to the integration of an sTTA-UC
system, the response of the Si PD (as a reference) and the DSCs (the device
integrated with the sTTA-UC systems) should be first studied. Specifically, at
various chopping frequencies (3 – 60 Hz) before implementing this to the developed
EQE software to understand the frequency limits of the DUT. The measurements
were acquired using the setup previously shown in Figure 4.2 at chopping
frequencies of 3, 10, 30, and 60 Hz and the collected data was then analyzed by Dr.
Shyamal Prasad using a lock-in software.
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Figure 4.9 shows the normalized response of the Si PD (Figure 4.9(a)), as well as
the 2d-DSC (Figure 4.9(b)) to the incident light at different chopping frequencies
(3, 10, 30, and 60 Hz) in the wavelength range of 450 nm – 750 nm on a log-linear
scale. These measurements were acquired using the setup schematically shown in
Figure 4.2 similar to the way the previous measurements were collected [9-11, 16],
but the data was processed by Dr. Shyamal Prasad using a software-based lock-in.
It can be seen that the device response becomes much disrupted at chopping
frequencies higher than 30 Hz for either the 2d-DSC or the Si PD. The response
disruption may be a limitation of the used software-based lock-in and/or the
hardware system as a negligible effect on the Si PD response at frequencies of up
to 375 Hz was reported [25], whereas here the response was very disrupted.
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Figure 4.9: Normalized response of the (a) reference Si PD and (b) the 2d-DSC at different
chopping frequencies using a software-based lock-in. The device fabrication, experimental
preparation, and data collection were acquired by myself while the data was analyzed using
a lock-in software by Dr. Shyamal Prasad from the University of New South Wales,
Sydney, Australia.

A “2d-DSC + UC-1” integrated system was tested at various chopping frequencies
and background biases. Figure 4.10(a) shows the influence of the chopping
frequency and the bias light intensity (using a 620 nm longpass filter) on the
photogenerated current of the device. Due to the response intensity dependence of
the Si PD on the chopping frequency, as shown above, chopping frequencies ≤ 30
Hz should be used when measuring the DSC-UC integrated device response as a

DUT. It is, however, possible that different setups/systems could perform similar
measurements at higher chopping rates compared to the one measured here, which
could be a software/hardware issue as mentioned above.
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Therefore, the integrated device response was tested in a range of frequencies ≤ 30

Hz (specifically 3, 6, 10 and 30 Hz) at the same bias light intensity of 4.3 mW cm2

. From this, it can be seen that the photocurrent waveform significantly deviates

from the square waveform shape by increasing the chopping frequency, especially
at chopping frequencies higher than 6 Hz, as shown in Figure 4.10(a).
Using the data provided above in Figure 4.10(a), the average amplitude of the
photocurrent was calculated using both a lock-in software and the developed EQE
software at different chopping frequencies and the values were shown graphically
in Figure 4.10(b). It can be noted that the lock-in software significantly
underestimates the photogenerated current values, particularly at higher
frequencies, where the estimated photocurrent is around one fifth the magnitude at
30 Hz compared to at 3 Hz. On the other hand, the photogenerated current values
calculated using the developed EQE software are all located around the same
values, even at higher frequencies, with only around 5 % uncertainty.
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Figure 4.10: (a) The response of “2d-DSC + UC-1” device at 500 nm at 4.3 mW cm-2 bias
light intensity but different chopping frequencies, where (a) shows the spectral response
and (b) shows the calculated average amplitude when using the lock-in software and the
developed EQE software. A 620 nm longpass filter was used for the bias light beam.
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Figure 4.11 shows the response of the 2d-DSC device at 500 nm, near the peak
absorption of 2d-DSC where a relatively strong response can be obtained. The 2dDSC response was measured at two different frequencies (3 and 6 Hz), as well as
different bias light intensities. It is, however, apparent that low bias intensities will
lead to measurement errors if analyzed using a lock-in approach, even at low
chopping frequencies (3 Hz), where the response waveform still deviates
significantly from the square-wave shape (Figure 4.10(a)). This can be seen even
more clearly at higher frequencies (Figure 4.10(b)). Therefore, for the development
purposes of the new EQE approach, a chopping frequency of 3 Hz was used. This
is to avoid the photogenerated current underestimation to allow accurate EQE
measurements. Additionally, using a chopping frequency of 3 Hz to do the
measurements agrees well with the reported values from the literature [1, 3, 34].
Table 4.1 summarizes the average amplitude of the photocurrent using both the
lock-in and the developed EQE softwares at different light intensities and chopping
frequencies.
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Figure 4.11: 2d-DSC device response at 500 nm at (a) 3 Hz and (b) 6 Hz at different bias
light intensities.
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Table 4.1: A comparison of the calculated average amplitude of the “2d-DSC + UC1” integrated device (response shown in Figure 4.11) at 500 nm at different bias light
intensiti when using the lock-in software and the developed EQE softwares at
shopping frequency of (a) 3 Hz and (b) 6 Hz.

4.5.4. Set-up and Experimental Challenges
When using the developed EQE software, some experimental and data acquisition
challenges were observed. These are discussed in the following sections, along with
ways actions were taken to overcome these problems.
4.5.4.1. White Light Leakage
The two DSCs used in this chapter to be integrated with different UC systems have
dyes with absorption tails, and hence some photoresponse, near the Q-band
absorption of the PdPQ4NA sensitizer in the UC solutions (Figure 4.8). Therefore,

135

a BDCA-DSC device, which has a close to zero response in the Q-band absorption
of the PdPQ4NA sensitizer, as shown in Figure 4.12, was used to perform control
measurements for the experimental setup in use (Figure 4.2).
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Figure 4.12: The EQE spectrum of BDCA-DSC. The shaded region (λ > 620 nm) shows
the negligible response of the BDCA-DSC in this range.

When measuring the BDCA-DSC response, a very small and periodic signal has
been observed at longer wavelengths (λ) (λ > 620 nm), as shown in Figure 4.13 (a,
b). However, no response was expected from the BDCA-DSC in this wavelength
range, as shown by the shaded region of the EQE spectrum in Figure 4.12.
This signal was found to be due to the stray light, which was able to pass through
the monochromator. The monochromator function is to produce a monochromatic
light by removing unwanted wavelengths, using diffraction gratings, from the
source light beam. However, part of this unwanted light, called re-entrant spectra,
is due to diffracted light is being re-directed onto the entrance, collimating or
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focusing mirror, and then back towards the grating. This leads to stray light leakage
out of the monochromator [35]. The level of stray light due to dispersed radiation
inside the monochromator is affected by the design of the instrument, its baffles,
and the interior finish.
To confirm that the monochromator is the source of this stray light, the
monochromator was set at 800 nm and the output was checked. A pale-green
scattered light was observed coming out of the monochromator was seen by the
naked eye. This is critical when dealing with a very small signal, particularly the
one generated due to the integration of sTTA-UC systems, which will be
disappearing within this signal from the one generated by the scattered light.
In order to minimize the impact of this, a 500 nm longpass (LP) filter was used at
the exit of the monochromator (see Figure 4.2) and the signal generated due to the
light leakage was decreased to a negligible levels, as shown in Figure 4.13(a, b).
From this, it was confirmed that the monochromator is the source of this white light
leakage. Additionally, the 3 Hz periodicity of the light leakage response is another
indicator that the monochromator is the source of the light leakage, where the
incident light was chopped at 3 Hz before going through the monochromator. The
use of a particular LP filter depends on the solar cell absorption onset. For example,
a 590 nm LP filter can be used in the case of using a D149-DSC (see Figure 4.7).
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Figure 4.13: BDCA-DSC device response at (a) 650 and (b) 720 nm without and with using
the 500 nm LP filter directly at the exit of the monochromator. A chopping frequency of 3
Hz was used to perform these measurements.
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4.5.4.2. Signal to Noise Ratio
In Figure 4.14, the response of the BDCA-DSC device (DUT) is shown under 650
nm chopped light (3Hz), which is towards the tail of this dyes absorption. It should
be noted that the average response of the signal is typically obtained by measuring
a few dozen cycles (20-30 cycles) for each wavelength. Although the open and
closed portions of this response can be seen, the signal is quite noisy. Dealing with
the small photogenerated current, such as the one typically generated by sTTA-UC
integrated systems, makes this noise one of the main challenges that should be
considered.
This noise could be a transient caused by the room lighting, a constant due to the
predictable 50 Hz from the power circuit or harmonic multiples (e.g. 100 Hz, 150
Hz) of the main frequency. This could also be due to sparks and arcing generated
in power-switching devices. All these distortion and disturbances can find their way
to sensitive electronic equipment through the power supply's main connections and
cause problems [36].
Given that the sampling rate is 2048 Hz for this data acquisition, this noise was
explored using different moving averages as a filter, as shown in Figure 4.14. A
41-period moving average (equivalent to the 50 Hz signal as 2048 Hz/50 Hz ≅ 41)

filter was applied to the signal generated from the DUT at 650 nm, as shown in
Figure 4.13. It can be seen that a 41-period moving average smoothed the observed
signal.
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Figure 4.14: Filtering the noise on the top of the Si PD reference and BDCA-DSC (DUT)
signal at 650 nm using a 40-, 41- and 42-period moving averages. The shaded region shows
the phase shift between the DUT and the reference response corresponds the
implementation of the moving average.
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Furthermore, when applying a 40- and 42-period moving average, some noise can
still be seen on the top of the signal. This confirms that the 41-periods moving
average is not just a general smoothing effect, but a specific one that matches the
frequency of the noise (i.e. 50 Hz). On the other hand, applying the 41-moving
average, as well as other moving averages, also corresponded with a phase shift
(clarified by the shaded regions) between the DUT and the reference response. This
in-turn causes a poor quality fitting for the data and stops the sharp transition
between the ON/OFF of the half-cycles.
4.5.4.3. First Cycle Offset Issues
When measuring the device or reference signal, it was often found that the response
of the first and second cycle is either much higher or much lower than the rest of
the cycles. This can be clearly seen when measuring the reference Si PD and the
BDCA-DSC response at 600 nm and 550 nm, respectively, as shown in Figure
4.15(a, b). The reason for this is suspected to be related to delays in the
monochromator switching response when changing between wavelengths.
This leads to either an overestimation or underestimation, as well as bigger error,
of the average signal amplitude by the developed EQE software at this specific
wavelength. To address this issue, two different solutions were applied 1) applying
a waiting time (300 ms) between consecutive wavelengths when collecting the data
2) excluding the first cycle when calculating the average amplitude for each
wavelength.

141

a

@ 600 nm

284

Si PD response (mV)

282
280
278
276
274
272

b

0

0.5

1

1.5
Time (s)

2

2.5

3

@ 550nm

6

Response (mV)

4
2
0
-2
-4

0

0.5

1

1.5
Time (s)

2

2.5

3

Figure 4.15: The photoresponse of (a) Si PD at 600 nm (b) BDCA-DSC at 550 nm at a
chopping frequency of 3 Hz and a sampling rate of 1024 Hz.

4.5.4.4. Poor Fitting with Low Sampling Frequency
As the developed EQE software uses an exponential regression fitting model to
calculate the approximate steady-state current at a given frequency, the sampling
rate at which the chopped-light EQE measurements are acquired is of critical
importance. This is to say, using a low sampling rate (e.g. 1024 Hz) led to fitting
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issues. This is more noticeable when measuring devices that are characterized by a
rapid response, such as the Si PD, at higher chopping frequencies. This is also more
critical at the wavelengths that have a low response to the incident light, as the SNR
is low, which appears to lead to the fitting algorithm find local minima or maxima.
Here, Si PD is used as a reference during the chopped-light EQE measurements.
The number of data points available to do the regression fitting for the Si PD,
especially near the growth and decay edges (shaded regions in Figure 4.16(a-c)),
is of critical importance. This is because it determines the quality of the growth and
decay fitting of the Si PD, as shown by an example in Figure 4.16, where higher
sampling rates show a better fitting.
The regression fitting parameters of the Si PD response, particularly ϕ, will be then
used to determine the regression fitting parameter of the DUT (see section 4.5.1.1
for more details) to calculate the average amplitude of the steady-state current,
consequently EQE. That is, any error in determining the regression fitting parameter
will correspond to an error in the calculated EQE using the developed EQE software
in this chapter. Therefore, the use of high sampling rates, which also depends on
the chopping frequency, is necessary for this kind of measurements.
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Figure 4.16: The response of the reference Si PD (dots) at 570 nm at different sampling
rates of (a)1024 Hz (b) 4096 Hz and (c) 8192 Hz and the corresponding exponential fittings
(dashed, black).

4.5.4.5. Identifying and Excluding Outliers
An outlier is defined as an observation that deviates so much from other
observations as it may be due to the variability in the measurement environment or
it may also indicate an experimental error. After measuring the chopped-light EQE
response of the Si PD spectrum in the 600 - 750 nm range under 2.5 mW cm-2 bias
light intensity. The photocurrent amplitude (ISi PD ) response of a few wavelengths
(specifically, 625, 660, 720, 725, 730, 745, and 750) deviated from the expected
spectral response and did not sit well alongside its neighbor wavelengths, as shown
in Figure 4.17.
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Figure 4.17: The Si PD responses at 725 nm under a bias light intensity of 2.5 mW cm-2.

To check the origin of this, the tables produced by the developed EQE software, as
shown by the example in Figure 4.6, were examined. From this, it was found that
the deviation from the general trend was often because the response of one or a few
individual cycles, which affect the average value and the standard deviation, of the
whole data set for this wavelength was dramatically different from the average. For
example, Figure 4.18 shows that when the Si PD response at 725 nm was analyzed,
the response of cycle number 16 is distinctively different from the others. The error
bars represent the standards deviation for the response of the whole data set before
removing the outlier. To identify if these data points are outliers, a number of
different tests may be applied [37]. Some of the most common ones include Z-score
method (also called the standard score) [38], StDev method [39], interquartile range
(IQR) and boxplots method [40], Grubbs’ test [41], Dixon’s Q test [42] and the
generalized extreme studentized deviate (ESD) test [43].
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Figure 4.18: Shows the amplitude response values of the individual cycles for the Si PD at
725 nm under 400 µW cm-2 bias light intensity and chopping frequency of 3 Hz.

The Z-score simply gives a general idea of how far is the data point from the
mean. More technically, it is a measure of how many standard deviations below a
raw data point is below or above the population mean [38]. In the standard deviation
method, if the distribution of values in the sample is known to be a Gaussian or
Gaussian-like, it can use the standard deviation of the sample as a cut-off for
identifying outliers [39]. Three standard deviations from the mean is a common cutoff in practice for identifying outliers in a Gaussian or Gaussian-like distribution.
For smaller samples of data, perhaps a value of two standard deviations (95 %) can
be used, while for larger samples, perhaps a value of four standard deviations (99.9
%) can be used.
In the IQR test, an outlier is defined as any data point that lies over 1.5 IQR below
the first quartile (Q1), as shown by equation (4.5), or above the third quartile (Q3),
as shown by equation (4.6), in a data set [40]. IQR test, also known as Tukeys test,
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different terminology may be applied to describe the same aspects of each. For
example, the Tukey method uses the concept of “fences”. IQR is calculated by the
difference between Q3 and Q1 (equation 4.7).

Where

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = (𝑄𝑄1) − 1.5 × 𝐼𝐼𝐼𝐼𝐼𝐼

(4.5)

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = (𝑄𝑄3) + 1.5 × 𝐼𝐼𝐼𝐼𝐼𝐼

(4.6)

𝐼𝐼𝐼𝐼𝐼𝐼 = (𝑄𝑄3) − (𝑄𝑄1)

(4.7)

Grubbs’ test is used to find a single outlier in a normally distributed data set. The
test finds if a minimum value or a maximum value is an outlier [41].
Dixon’s Q test was invented as a convenient procedure to quickly identify outliers
in datasets that only contains a small number of observations, typically 3 < n ≤ 10
[42]. With Dixon’s Q test, it is assumed that the dataset being tested for outliers is
normally distributed. One of the drawbacks to Dixon’s Q test is that it can only be
applied to a sample that has a normal distribution and containing between 3 and 30
observations. The last three systems (i.e. Grubbs’s test, Dixon’s Q test, and the
generalized ESD test), however, cannot be useful in the present situation as they
have some restrictions on the numbers and values of the outliers in the given data
set, which are unknown parameters in our case.
Therefore, some of the collected chopped-light EQE measurement data sets have
been tested using Z-score and IQR. The two methods proved to be able to detect
the outliers, however, Z-score showed some limitations, where it was not able to
detect the outliers at low response wavelengths.
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On the other hand, IQR showed to be a very effective and valid test in detecting
the outliers when used to test the amplitude response of the individual cycles at
different wavelengths. Moreover, Figure 4.19 shows the detected outliers in the
data set of the Si PD response at 725 nm, shown above by Figure 4.18, after
applying the IQR outlier test.

Figure 4.19: Applying the IQR outlier test on the Si PD responses at 725 nm data under a
bias light intensity of 400 µW cm-2.

This was also applied for the entire Si PD response spectrum (600 - 750 nm)
measured under 2.5 mW cm-2. First, the wavelengths with noisy/suspected response
were determined. Secondly, the data, which was generated by the EQE software
and stored in the individual cycles table for each of these wavelengths were checked
using the IQR outlier test. Then, the IQR test was applied to all suspected
wavelengths and the outliers were determined. Finally, the outliers were removed
and the corrected photocurrent amplitude values were obtained.
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Figure 4.20 shows a comparison between the Si PD responses before (dark red)
and after (green) removing the outlier using the IQR outlier. These results strongly
confirm the validity of the IQR outlier test for identifying and removing the outliers.
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Figure 4.20: A comparison between the Si PD responses at bias light intensity of 2.5 mW
cm-2 before and after removing the outlier using the IQR outlier test.

4.5.5. EQE Software Verification Using Silicon Devices
To verify the validity of the developed EQE software, the Si PD was used as the
DUT. The chopped-light EQE measurements were then performed at 3 Hz and the
response of the Si PD to the incident light at different bias light intensities was
acquired. The raw data generated by a LabView software was collected and
processed using the developed EQE software.
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Figure 4.21 shows the amplitude spectrum of the photogenerated current (ISi, PD) at
different bias light intensities, as a function of scanned wavelength (600 - 750 nm).
The EQE software showed a smooth fitting for the Si PD photoresponse at a wide
range of the bias light intensities, ranging from no bias to 3.3. mW cm-2, where no
noticeable change in the Si PD response can be seen. These results strongly confirm
the validity of the developed EQE software.
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Figure 4.21: The Si PD response spectra shows the average calculated current amplitude,
using the EQE software, at different bias light intensities, ranging from no bias to 3.3 mW
cm-2 and at a chopping frequency of 3 Hz. A 590 nm LP filter was used after the
monochromator and a 620 nm LP filter was used for the bias light beam.
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4.5.6. Chopped-Light EQE measurements of sTTA-UC-DSC Integrated
Devices
Figure 4.22 (a) shows the amplitude spectrum response of the photogenerated
current (IDSC,UC) at different bias light intensities, as a function of scanned
wavelength (600 - 750 nm). Here, the measured photogenerated current
enhancements are seen in the region 675 – 750 nm, particularly the two peaks
around 685 and 730 nm, corresponding to the absorption of the Q-band of
PdPQ4NA sensitizer in UC-1. It is also in good agreement with the expected and
measured enhancement profile reported by Cheng et al. (black dotted line, Figure
4.22(a)) [7].
In 2012, Cheng et al. used the same UC-1 system to enhance an a-Si:H SC, where
they used the PdPQ4NA sensitizer absorption spectrum multiplied by the used Xe
lamp (as the monochromatic chopped probe beam) spectrum and the ratio of the SC
transmission and EQE at each wavelength to obtain the expected enhancement
profile (black dotted line, Figure 4.22) due to the UC-1 system.
These results demonstrate the proof-of-principle of the developed EQE software.
It can be also seen that the photogenerated current due to UC-1 (675 – 750 nm)
increases by increasing the bias light intensity, confirming the bias light effect
nature on the UC systems. Moreover, Figure 4.22(b) shows a photograph taken for
the (D149-DSC) + UC-1 integrated that shows the strong illumination of the UC
light at the interface between the DSC and the UC component. It also shows how
significant is the loss in the UC emitted light due to the scattering, refraction, and
reflection at the interface.
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Figure 4.22: (a) The response spectra of the (D149-DSC) + UC-1 integrated device as the
DUT shows the calculated current amplitude, using the EQE software, at different bias light
intensities, ranging from no bias to 2.5 mW cm-2 and at a chopping frequency of 3 Hz (b)
A photograph shows the UC emitted light at the interface between the D149-DSC and the
UC-1 component. A 590 nm LP filter was used after the monochromator and a 620 nm LP
filter was used for the bias light beam.
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4.6.

Conclusion

A new approach for measuring chopped-light EQE was presented. This approach
introduces a more accurate method to calculate the photogenerated current
compared to the lock-in technique that underestimates the photogenerated current,
particularly at higher chopping frequencies. The developed approach uses an
exponential regression fitting to predict the steady-state current of the device-undertest.
The new EQE approach was applied to the Si PD and integrated DSC-UC devices
and several experimental results support the validity of the software, where the
estimated values of the photocurrent amplitudes were always greater than the
reported ones when a high chopping frequencies were used. Some errors and
artifacts were, however, noted when using the developed software for
measurements that use higher bias light intensities and chopping frequencies, where
low SNR was obtained. Therefore, further improvements of the developed EQE
software to implement this new approach are still required.
The developed EQE approach can also be extended to measure the chopped-light
EQE of current and future SCs that have similar response behavior to DSC devices.
Moreover, the application of this approach is not restricted only to SCs applications
as it can also be used to other devices and systems that show a slow response, where
using a lock-in detection techniques leads to a significant underestimation of the
generated signal, particularly at higher chopping frequencies.
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Chapter 5 An Optical Model to
Predict the Relative UC
Enhancement of DSC-UC
Integrated Devices
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5.1.

Introduction

5.1.1. Background
SCs with a single energy threshold have a limited absorption range, where they
cannot absorb photons with energies below than their bandgap energy. There are
five intrinsic losses that determine the SC’s fundamental limiting efficiency [1].
Transmitted low energy light is one of the largest loss mechanisms that singlethreshold SCs (SCs) suffer from, which limits their efficiency to 33.7 % under one
sun illumination, according to Shockley-Quiesser analysis [2]. The UC system
based on sTTA is a promising technique that allows the use of these transmitted
low energy photons (typically red and infrared) to generate higher energy ones via
a photochemical process.
UC quantum yield (UCQY) is one of the most important parameters used to indicate
and compare the UC materials performance [3]. The UCQY is defined as the ratio
of the photon flux of the emitted upconverted photons (𝛷𝛷𝑈𝑈𝑈𝑈 ) to the incident photon
flux (𝛷𝛷𝑖𝑖𝑖𝑖 ) on the upconverter sample, as shown by equation (5.1).
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 =

𝛷𝛷𝑈𝑈𝑈𝑈
𝛷𝛷𝑖𝑖𝑖𝑖

(5.1)

To measure the UCQY, an integrating sphere is typically used to collect all the
incident, scattered and emitted (upconverted) light by the sample, as schematically
shown in Figure 5.1, to account for and integrate the 𝛷𝛷𝑖𝑖𝑖𝑖 and 𝛷𝛷𝑈𝑈𝑈𝑈 . The UCQY is
limited to a value of ≤ 50 % because at least two low energy photons need to be

absorbed to emit one photon with energy more than the individual energy of each
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of the previously absorbed ones [3]. Table 2.2 summarizes some of the highest
reported UCQYs for some of the organic UC systems (see Section 2.7 for more
details).

Figure 5.1. A schematic illustration for the up-conversion quantum yield measurements of
an up-conversion solution sample.

In SCs, the EQE is defined as the ratio of the generated electrons flux from the SC
to the incident photon flux (𝛷𝛷𝑖𝑖𝑖𝑖 ). In the SC-UC integrated systems, the EQE
enhancement due to the integration of an UC system (𝐸𝐸𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 ) is defined as the ratio
𝑈𝑈𝑈𝑈
of the additional short-circuit current due to the UC (Δ 𝐽𝐽𝑆𝑆𝑆𝑆
) divided by the

elementary charge (q) to the incident photon flux onto the integrated system, as
shown by equation (5.2) [3].

𝐸𝐸𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 = �

𝑈𝑈𝑈𝑈
Δ 𝐽𝐽𝑆𝑆𝑆𝑆
�
𝑞𝑞 × 𝛷𝛷𝑖𝑖𝑖𝑖
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(5.1)

The EQE enhancement of SCs due to the integration of the UC systems are still
well below the corresponding reported UCQY values [4-9]. This was expected to
be due to several issues/factors combined. One of these factors is the
underestimation of the photogenerated current response when using the choppedlight EQE measurements, specifically for DSCs due to their relatively slow
photoresponse [10]. This issue was discussed in greater detail in Chapter 4 and a
valid and verified solution has been introduced.
Moreover, some of these issues were the low transmission of the SC at the Q-band
absorption of the sensitizer in the UC system, the low EQE of the SC in the emission
region of the emitter in the UC system, self-reabsorption of the UC light by the UC
solution, as well as the scattering or reflection of the UC light at the interface
between the UC and the SC.
This chapter shows the development of an optical model to predict the relative
enhancement in the EQE of the SC, due to the incorporation of a known UC system,
to explore the reasons for these discrepancies and provide insight into how
improvements in device engineering may enhance these EQE values.
This model uses the optical features of the SC and the UC constituents, such as the
EQE, absorption, emission and transmittance, as inputs for the developed model.
From this, the model can calculate the “Predicted Relative UC Enhancement
(PRUCE)” in the SC performance due to the integration of an UC system. This
value is calculated relative to the ideal case. The ideal case is when the SC has a
100 % transmission in the Q-band absorption region of the sensitizer and a 100 %
EQE in the emission region of the emitter. However, it is not experimentally
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possible to simultaneously have a SC with a 100 % transmission and EQE at the
same wavelength, in addition to the overlap between the absorption and emission
spectra of the UC system constituents,. This in-turn will limit the PRUCE values
for a given system. Knwoing the maximum value of the photocurrent (𝐽𝐽𝑈𝑈𝑈𝑈 ) that can

be generated using a specific UC system and using the calculated PRUCE values,
𝑈𝑈𝑈𝑈
the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
can then be calculated.

The widely used UC system, UC-2 (PdPQ4 + Rubrene) [5, 7][6][11], with an UCQY
of 16 % under one equivalent-sun, as well as the UC-3 (PdPQ4 + PMI) UC system
were used in this chapter. Based on preliminary measurements by our collaborators
at the University of New South Wales in Sydney, UC-3 showed a significantly
higher UCQY than that of UC-2. For the purposes of this chapter, it has been
conservatively estimated at 30 %.
In 2013, Nattestad et al. integrated the UC-1 (used in Chapter 4) with a D149-DSC
for the first time to yield a figure-of-merit (FoM) of 2.5 ×10-4 mA cm-2 ʘ-2 [5]. In

2014, the same group integrated the slightly modified UC-2 system with a D149𝑈𝑈𝑈𝑈
DSC and an increase in the current due to the UC (Δ 𝐽𝐽𝑆𝑆𝑆𝑆
) of 4.5 × 10-3 mA cm-2

𝑈𝑈𝑈𝑈
ʘ-2 was obtained [6]. It can be clearly noted that the reported Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values are still

well below the predicted ones and the reason(s) of that is (are) not identified yet.

Among different types of SCs, DSCs suffer the most from low energy photons’
transmission, which makes them well suited to benefit from integration with UC
systems. Most importantly, their architectures, ease of fabrication and integration
with other systems, considerable spectral response [12], and their efficiency in the
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low light intensity regime [13], make them offer unique possibilities for integration
with UC system.
It should be also noted that this chapter is not strictly about fabricating the most
efficient DSC but to understand and identify the poor translation between the high
UCQYs of the UC systems and their low enhancement in the SCs performance, as
well as to provide suggestions that could improve this translation. In this chapter,
DSCs with two different dyes and two different UC systems have been used. A
DSC that is complementing the UC system would be most desirable for integration
with the UC system. as will be shown in the following sections. A DSC
complements the UC system if it has high transmittance in the Q-band absorption
regions of the sensitizer and high EQE in the emission region of the emitter in the
UC system.
5.1.2. Aims and Objectives
As shown in Chapter 2 and further demonstrated above, it is necessary to establish
a model/method to predict the photocurrent enhancement in SCs due to the
integration of a known UC system. Therefore, this chapter aims to:
1) Develop a model to predict the photocurrent enhancement in SCs due to the
integration of a known UC system by calculating the PRUCE in the SCs,
specifically for DSCs performance.
2) Identify the contribution that each component in the UC-PV integrated system
plays and how much benefit/enhancement can be obtained by improving that
component.
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DSCs were fabricated using TiO2 films of varying thicknesses (2.5 – 16.5 µm),
which were characterized by absorption spectroscopy as well as EQE
measurements. The different TiO2 film thicknesses correspond with DSCs with
different EQE and transmission spectra, which in turn will allow the developed
model to identify the optimum TiO2 thickness of a DSC for a given UC system. The
device absorption was measured using a UV-1800 spectrophotometer, the EQE was
measured using a QEX10 system, and the film thickness was measured using a
Veeco Dektak 150 stylus profilometer.

5.2.

Experimental

5.2.1. Materials and Solutions Preparation
The source, preparation or synthesize method of all the materials and solutions used
in this chapter were described in detail in Section 3.1.
5.2.2. Device Preparation
DSC devices were prepared and fabricated as described in Section 3.2.4.1. Different
TiO2 film thicknesses were obtained by screen-printing multiple layers using the
same 90T mesh screen while allowing the films to relax (3-5 min) and dry at 125
°C (15 min) in-between different layers. Herein, the photoanodes were sensitized
with D149 or 2d dyes by immersing them in the D149 or 2d dye bath, respectively,
overnight.
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5.3.

Characterization

5.3.1. UV-Vis Spectrophotometry
Absorption and transmission spectrophotometry were performed as described in
Section 3.3.1. The absorption of PdPQ4 and PMI solutions was measured by Dr.
Joe Gallaher at the University of New South Wales in Sydney using a Cary 60 UVVisible-NIR spectrometer covering a wavelength range of 190-1100 nm. All the
solutions absorption measurements were performed using 1 cm path-length quartz
cuvettes.
5.3.2. External Quantum Efficiency Measurements
The EQE measurements of non-integrated DSCs were acquired as described in
Section 3.3.3.1. As there are two configurations for attaching the DSC with the UC
system, as shown in Figure 5.2. Despite the fact that the DSC configuration shown
in Figure 5.2(b) will give higher overall device performance than the configuration
shown in Figure 5.2(a), as it minimizes losses due to electrolyte absorption, the
EQE measurements were acquired using the DSC configuration in Figure 5.2(a) as
this is optimal for observing the UC enhancement due to decreasing the
transmission distance between the upconverted emission and the TiO2 film.
5.3.3. Steady-state Emission Measurements
PMI and rubrene emission spectra were measured by Dr. Joe Gallaher at the
University of New South Wales in Sydney using a Cary Eclipse 240 UV-Visible
spectrofluorometer. These measurements were performed in 1 cm path-length
quartz cuvettes.
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Figure 5.2: A schematic illustration shows the two different configurations that a DSC can
be integrated with an UC system where (a) front-side interface (FSI) (b) rear-side interface
(RSI).

5.3.4. Film Thickness Measurements
TiO2 film thickness was measured using a Veeco Dektak 150 Stylus profilometer
(see Section 3.3.7).

5.4.

Results and Discussions

5.4.1. Developing the Optical Model to Calculate the Current Enhancement
Due to the Integration of an UC system
The UC system is usually integrated at the rear of the SC to ensure high lightharvesting efficiency of the integrated system. Consequently, a SC that has high
EQE and transmittance in the emission and absorption regions, respectively, of the
UC system would be a good match for the integrated device (SC + UC). Figure 5.3
shows a schematic illustration of the incident light path through an integrated device
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(SC + UC). The schematic shows that some of the incident light is absorbed by the
DSC components (Pt/FTO, electrolyte, TiO2 dyed films and FTO glass) and the
light transmitted through the SC is then absorbed by the UC solution, where the low
energy photons are upconverted to high energy ones. A back-reflector film is used
in the UC unit to reflect as much as possible of the upconverted light to be absorbed
by the SC.

Figure 5.3: Schematic illustration of the incident light path through an integrated device
(SC + UC).

Therefore, the developed model has taken the EQE and transmittance of the SC into
consideration when calculating the the photocurrent enhancement in the SC
𝑈𝑈𝑈𝑈
performance (Δ 𝐽𝐽𝑆𝑆𝑆𝑆
) due to the integration of an UC system as following:

1) Photon flux transmitted through the SC = Photon flux at AM1.5 × the
transmittance of the SC.
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2) The number of photons absorbed by the UC’s sensitizer = Photon flux
transmitted through the SC × UC’s sensitizer absorption.
3) The number of suns-equivalent (nʘ) absorbed by UC’s sensitizer = [number of
photons absorbed by UC’s sensitizer through the solar cell ÷ number of photons

absorbed by the sensitizer without the solar cell). i.e.:
(nʘ) =

λ

∫λ f(number of photons absorbed by UC’s sensitizer through the SC)
i

λ

∫λ f(Number of photons absorbed by the sensitizer without the SC)
i

(5.2)

Where λi and λf are the high and low energy absorption onsets, respectively, of the

sensitizer’s Q-band. Since the sTTA-UC process has a quadratic dependence at low
light intensities [14], hence the PRUCE in the SC due to the integration of the UC
system can be calculated as following [15] :

𝜆𝜆
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = ∑𝜆𝜆𝑠𝑠𝑙𝑙 𝐸𝐸𝐸𝐸𝐸𝐸(𝑆𝑆𝑆𝑆) × (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁. 𝑈𝑈𝐶𝐶 ′ 𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) × (𝑛𝑛ʘ)2 ×

𝐹𝐹𝐹𝐹𝐹𝐹 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(5.3)

Where the 𝜆𝜆𝑠𝑠 and 𝜆𝜆𝑙𝑙 limits of this equation are determined by the UC emitter in use,
where they represent the emitter emission limits on the wavelength scale, as in this
case, 530 nm and 700 nm represent the rubrene emission spectra limits. The
percentage of the PRUCE in the SC performance was then calculated by dividing
the PRUCE values with and without (ideal case) the integration of the SC, as shown
by equation (5.4):
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) =

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑆𝑆𝑆𝑆)
× 100
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

(5.4)

Equaation (5.5) was then used to calculate the 𝐽𝐽𝑈𝑈𝑈𝑈 corresponseds to each UC system

by assuming a 10 % EQE and FTO transmission of the used SC, as following:
𝜆𝜆𝑙𝑙

100% 𝐸𝐸𝐸𝐸𝐸𝐸(𝑆𝑆𝑆𝑆)
� × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑈𝑈𝑈𝑈 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
100% 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝑆𝑆𝑆𝑆)

𝐽𝐽𝑈𝑈𝑈𝑈 = �� �
𝜆𝜆𝑠𝑠

(5.5)

× 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈� × 𝑒𝑒

Where e is the elementary charge (1.602 × 10-19 couloms ).
𝑈𝑈𝑈𝑈
can be calculated using equation (5.6). Table 5.1 summarizes
From this, the Δ 𝐽𝐽𝑆𝑆𝑆𝑆

𝑈𝑈𝑈𝑈
all the steps, calculations and parameters that are used to calculate the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
value

due to the integration of a known UC system with a DSC.
𝚫𝚫 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 = 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 (%) × 𝑱𝑱𝑼𝑼𝑼𝑼 /𝟏𝟏𝟏𝟏𝟏𝟏

(𝟓𝟓. 𝟔𝟔)
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Table 5.1: A summary of all the steps, calculations and parameters included in
calculating the Δ 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 value due to the integration of a known UC system with
a DSC.
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5.4.2. Absorption and Emission Spectra of the Used Molecules
In this Chapter, the integration of two DSCs, based on D149 and 2d dyes, with two
different UC systems, UC-2 and UC-3, have been studied. Figure 5.4 shows the
chemical structure of D149, 2d, Rub, PMI and PdPQ4 molecules. The absorption
spectra of D149 and 2d dyes in solutions and on TiO2 film, PMI, rubrene, PdPQ4,
as well as the emission spectra of rubrene and PMI have been measured and shown
in Figure 5.5(a-c).
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Figure 5.4: The chemical structure of D149, 2d, PdPQ4, rubrene and PMI molecules.
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Figure 5.5: (a) Absorption spectra of D149 (red) and 2d (blue) solutions (b) absorption
spectra PMI (green) and rubrene (purple) solutions (c) absorption of PdPQ4 (solid black),
D149 (red) and 2d (blue) on TiO2 films and the emission spectra of PMI (green, dashed)
and rubrene (purple, dotted) solutions. D149 and 2d dyes solutions were dissolved in 1:1
(v/v) MeCN:tert-butanol and acetonitrile, respectively, while rubrene, PMI, and PdPQ4
solutions were dissolved in toluene. PMI and PdPQ4 emission were measured by Joe
Gallaher at UNSW in Sydney.
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5.4.3. The Transmission Measurements of D149- and 2d-based DSCs with
Different TiO2 Thicknesses
For these measurements, the DSC devices and UC systems were prepared and
fabricated as previously mentioned in Section 5.2. As stated previously, for a SC
and an UC pair to be matched for an integrated device, the SC should be highly
transmissive at wavelengths corresponding to where the sensitizer of the UC system
absorbs, while still having a strong absorption (leading to a high EQE) at
wavelengths corresponding to the emission of the emitter in the UC system.
Therefore, the DSC performance has been characterized using EQE and the
transmission measurements at different TiO2 film thicknesses. TiO2 film
thicknesses ranging from 2.5 µm to 16.5 µm were produced, however, films of 14.5
µm or more were seen to be inhomogeneous and experience cracking near this
thickness.
Figure 5.6 shows the transmission measurements of D149- and 2d-DSCs, where
the dyes were loaded overnight onto TiO2 films of different thicknesses, as well as
the transmission of some of the DSC components. D149-DSCs and 2d-DSCs show
their highest transmission in the Q-band absorption region of PdPQ4 sensitizer (600
– 700 nm, shaded area) when TiO2 film thickness was 2.5 µm.
It can be clearly seen that the transmission of the DSCs in the 400-600 nm range
decreases with increasing TiO2 film thickness either for 2d- or D149-based DSCs
(Figure 5.6(a,b)). Further, the 2d-DSC devices showed a much higher transmission
than D149-DSC ones in the Q-band absorption range of PdPQ4 sensitizer.
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A significant amount of the losses in transmission in the Q-band absorption region
of PdPQ4 are due to DSC components, where around 22, 10 and 4 % of the incident
light is absorbed by the FTO glass, 10.3 µm TiO2 film, and Iodine/triiodide
electrolyte, respectively (Figure 5.6(c)).
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Figure 5.6: The transmission spectra of (a) 2d-DSCs and (b) D149-DSCs, where the dyes
were loaded overnight on different TiO2 film thicknesses (c) the transmission spectra of the
DSC individual compartments (FTO, Pt/FTO, TiO2 film, and I-/I3- electrolyte). The
transmission of I-/I3- electrolyte was measured using a 25 µm thickness cell made of plain
glass.
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5.4.4. The EQE Measurements of D149- and 2d-based DSCs with Different
TiO2 Film Thicknesses
Figure 5.7(a, b) shows the EQE spectra of 2d- and D149- based DSCs, where the
emission region (500 – 675 nm) of the emitters in the UC systems was shaded in
light blue. It can be clearly seen that the EQE spectra of the DSCs change by
increasing the TiO2 film thickness, where the EQE increases by increasing the TiO2
film thickness to a particular thickness (10.3 µm in case of 2d-DSCs and 7.5 µm in
case of D149-DSCs) then decreases again with increasing the TiO2 film thickness.
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Figure 5.7: The EQE spectra of (a) 2d-DSCs and (b) D149-DSCs, where the dyes were
loaded overnight on different TiO2 film thicknesses (c) the relation between the TiO2 film
thickness and the EQE values of 2d- and D149-DSCs at the PMI and Rub emission peaks.
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This is mainly due to the visually noticeable cracking in thicker films (≥ 14.5 µm).
It was also reported that the optimum performance of a DSC can be achieved when
the TiO2 film thickness matches the diffusion length as the electron pathway to
minimize the recombination and increase the electron transport [16, 17]. Moreover,
in the emission region of the emitters of the UC systems (500 - 675 nm), the EQE
of D149-DSCs tends to be higher than that of 2d-DCs. The results show that the
highest EQE for 2d-DSC is around 65 %, which corresponds to 10.3 µm TiO2 film
thickness (Figure 5.7(a)), compared to 80 % for D149-DSC with TiO2 film
thickness of 7.5 µm (Figure 5.7(b)).
Furthermore, in Figure 5.7(c), it can be noted that changing the TiO2 film thickness
has a stronger effect on the EQEs of 2d-DSCs compared to that of D149-DSCs,
where the EQE of 2d-DSCs increases form ~ 30 % at 2.5 µm TiO2 to ~ 60 % at
10.3 µm TiO2 then decrease again to ~ 35 % at 16.5 µm TiO2 in the 2d-DSCs EQEs.
On the other hand, the EQE of D149-DSCs does not change much (~ 75 %) until
the TiO2 film reaches 16.5 µm to cause around a 20 % decrease in the EQE.
5.4.5. The Predicted Current Enhancements in D149- and 2d-based DSCs
Due to the Integration of UC Systems
𝑈𝑈𝑈𝑈
To calculate the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
due to the integration of any of the two studied UC systems,

all the optical data of DSC, the sensitizer, as well as the emitter was used as inputs
in the developed model, as summarized in Table 5.1. Figure 5.8(a, b) shows the
𝑈𝑈𝑈𝑈
predicted Δ 𝐽𝐽𝑆𝑆𝑆𝑆
(under one sun illumination) in the case of D149-DSC and 2d-DSCs

if they were being integrated with the aforementioned two different UC systems,

i.e. UC-2 and UC-3. In the case of D149-DSC devices, it can be clearly seen that
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𝑈𝑈𝑈𝑈
the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
decreases by increasing the TiO2 film thickness if any of the UC-2 or UC-

𝑈𝑈𝑈𝑈
values of 34.3 ± 6.5 and 19.8 ± 3.1
3 were used. Moreover, the highest Δ 𝐽𝐽𝑆𝑆𝑆𝑆

µA/cm2 when using UC-2 and UC-3, respectively, were obtained when using D149-

DSC devices with a TiO2 film thickness of 2.5 µm. This is mainly because the
D149-DSC devices with 2.5 µm TiO2 film have the highest transmission in the Qband absorption region of the sensitizer, as well as the highest EQE in the emission
regions of the emitters, as was shown in Figure 5.6(b) and Figure 5.7(b).
𝑈𝑈𝑈𝑈
In the case of 2d-DSC devices, the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
increases by increasing the TiO2 film

thickness until it reaches the maximum value of 57.4 ± 10.5 and 36.5 ± 6.1 µA/cm2

when using UC-2 and UC-3, respectively. These values were then found to decrease
by increasing the TiO2 film thickness, as shown in Figure 5.8(a, b).
𝑈𝑈𝑈𝑈
The calculated Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values, which were calculated based on the DSCs optical

measurements at different TiO2 film thicknesses, are still well below the best/ideal

scenario case which indicates that there is considerable room for improvements in
the engineering of the DSCs-sTTA-UC integrated devices.
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Figure 5.8: The predicted Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values for D149-DSCs (blue) and 2d-DSCs (dark red) in

case of their integration with either (a) UC-2 or (b) UC-3 UC systems at different TiO2 film

thicknesses.
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Therefore, in the following section, some optical improvements in the DSC-UC
𝑈𝑈𝑈𝑈
systems have been suggested and the corresponding Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values have been

calculated using the developed optical model.

5.4.6. Different Approaches for Further Enhancement in D149- and 2dBased DSCs Due to the Integration of UC Systems
Further improvements in the transmission of the DSC components can be made to
get as much benefit as possible from the integration of the UC system. Particularly,
the FTO glass, which absorbs around 25 % of the incident light in the range 400750 nm as shown in Figure 5.6(c), as well as in the Q-band absorption region of
the sensitizer. In addition, improving the EQE of the DSC in the UC emission region
is important, especially in the case of 2d-DSC where there is much room for
improvements in the EQE. Moreover, it is also believed that red-shifting the
sensitizer in the UC component could significantly improve the UC enhancement
of the SCs as more incident light would be absorbed. Blue-shifting the emission of
the UC component can also be of vital importance, particularly if it has its
maximum emission peak at the EQE peak of the SC.
𝑈𝑈𝑈𝑈
values for the D149-DSCs and 2d-DSCs
Taking into account that the highest Δ 𝐽𝐽𝑆𝑆𝑆𝑆

were obtained when using 2.5 µm and 10.3 µm TiO2 film, respectively, these
devices (as the “optimized-real DSC devices”) have been used to model the
aforementioned suggestions, using the developed model, for the four different
𝑈𝑈𝑈𝑈
DSC-UC integrated devices studied here. From this, the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values for each

change/scenario were then calculated and will also be discussed in greater details
as follows:
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5.4.6.1. Improving the Transmission of the DSCs in the Q-band Absorption
Region of the Sensitizer
It was found that a 10 % increase in the transmission of the D149-DCS and 2dDSCs in the Q-band absorption region (600 - 700 nm) of the PdPQ4 sensitizer will
𝑈𝑈𝑈𝑈
increase the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values by ~ 1.5 times compared to the optimized real DSC case,

while a 20 % increase in the optimized DSC’s transmission will almost double the
𝑈𝑈𝑈𝑈
Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values for all the integrated devices, as summarized in Table 5.1.

Table 5.1: The 𝚫𝚫 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 values of the DSC-UC systems in the case of the best-measured

DSCs and those with a 20 % increase in the EQE of the DSC in emission region (530
– 700 nm) of the emitter.

5.4.6.2. Improving the EQE of the DSCs in the Emission Region of the Emitter
𝑈𝑈𝑈𝑈
Table 5.2 shows the increase in the expected increase in the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
if the EQE of the

DSC was increased by 20 % in the emission region (530 – 700 nm) of the emitter
in the UC component. It can be clearly seen that this increase in the EQE of the

𝑈𝑈𝑈𝑈
DSCs did not have a significant effect on the increase of the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values of the
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DSC-UC integrated systems. However, “2d-DSC + UC-2” was an exception, where
𝑈𝑈𝑈𝑈
around 49 % increase in the measured Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was obtained.

This is mainly due to a big portion of the UC emission from UC-2 is being emitted
near the EQE-tail of 2d-DSC. Therefore, enhancing the EQE of 2d-DSC will lead
to more UC emission captured and used by the 2d-DSC. It is, however, different
for “2d-DSC + UC-3”, where the emission peak of the PMI emitter is around 30 –
35 nm blue-shifted compared to the rubrene.
Table 5.2: The 𝚫𝚫 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 values of the DSC-UC systems in the case of the optimized DSCs

and those with a 10 and 20 % increase in the DSC in the Q-band absorption region
(600 - 700 nm) of the PdPQ4 sensitizer.

5.4.6.3. Combination of Improvement in the Transmission and the EQE of the
DSCs
𝑈𝑈𝑈𝑈
Table 5.3 shows the expected increase in Δ 𝐽𝐽𝑆𝑆𝑆𝑆
if a combination of improvements

showed above were made. It was found that if an increase of 20 % in both the
transmission and the EQE of the DSCs in the Q-band absorption region (600 - 700
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𝑈𝑈𝑈𝑈
nm) of the PdPQ4 sensitizer resulted in around 2 and 3 times increase in the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
of

the 2d-DSC and D149-DSC when integrated with either of the UC systems.

Table 5.3: The 𝚫𝚫 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 values of the DSC-UC systems in the case of the best-measured

DSCs and those with a 20 % increase in the EQE of the DSC in emission region (530
– 700 nm) of the emitter.

5.4.6.4. Red-shift the Absorption of the Sensitizer
It was initially assumed that red-shifting the sensitizer’s absorption will improve
the amount of absorbed incident light by the sensitizer and, in turn, higher
𝑈𝑈𝑈𝑈
Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values. The results obtained by hypothetically red-shifting the PdPQ4

𝑈𝑈𝑈𝑈
sensitizer by either 20, 50 or 100 nm and calculating the corresponding Δ 𝐽𝐽𝑆𝑆𝑆𝑆
are,

however, showing different behavior.

It was found that the impact of the red-shift in the sensitizer’s absorption does not
have the same effect on different SC configurations. In the case of “D149-DSC +
𝑈𝑈𝑈𝑈
UC-2” integrated system, it was seen that the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
increases by red-shifting the

sensitizer for 20- and 50 nm red-shifts, however, extending this to 100 nm is not as

beneficial as 50 nm (although better than the unshifted or no or 20 nm redshifted
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UC system), as shown in Table 5.4. This is to say, the PRUCE was nearly doubled
by the 50 nm red-shift.
Similar trends were seen when modeling modified variants of UC-3. This behaviour
can be explained by the pattern of the absorption/emission spectra in Figure 5.5(c),
which shows that red-shifting the sensitizer allows for more light to be transmitted
through the D149-DSC. This in-turn increases the amount of light absorbed by the
Q-band of the sensitizer, and consequently, higher UC emission yield and better
PRUCE results.
Table 5.4: The 𝚫𝚫 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 values of the DSC-UC systems in the case of the best-measured

DSCs and those with a 20, 50, and 100 nm red-shifted PdPQ4 sensitizer.

On the other hand, the case of 2d-DSC shows a different behaviour than that of the
D149-DSCs, where red-shifting the sensitizer showed different behavior if the 2dDSC was to be integrated with UC-2 or UC-3. This is to say, in the case of “2d𝑈𝑈𝑈𝑈
DSC + UC-2”, a slightly higher Δ 𝐽𝐽𝑆𝑆𝑆𝑆
, compared to the measured one, was obtained

when red-shifting the sensitizer by 20 nm, which is then decreased by a further

increase in the red-shifting of the sensitizer. Interestingly, the 100 nm red-shift of
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𝑈𝑈𝑈𝑈
the sensitizer would result in the lowest Δ 𝐽𝐽𝑆𝑆𝑆𝑆
value, even lower than that for the

unshifted one.

Moreover, red-shifting the sensitizer in the case of “2d-DSC + UC-3” decreased the
𝑈𝑈𝑈𝑈
Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values in all the three different cases studied here, i.e. at 20, 50, and 50 nm

red-shifts. This decrease was found to be due to the noticeable decrease in the
photon flux density at some parts of the spectrum which significantly affected the
amount of light absorbed by the PdPQ4 sensitizer when red-shifted by 20, 50, or

100 nm, as shown in Figure 5.9.
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Figure 5.9: The Photon flux density at AM1.5 and the normalized absorption of PdPQ4
sensitizer at 20, 50, and 100 nm red-shift.
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5.4.6.5. Blue-Shift the Emission of the Emitter
Having the emission peak of the UC near the maximum absorption peak of the DSC,
as well as near the EQE peak of the DSC, are some of the most important factors
for having an efficient DSC-UC integrated system. From the pattern of the emission
spectra of rubrene and PMI emitters (Figure 5.5) in UC-2 and UC-3, respectively,
it can be clearly seen that the emission peaks of either rubrene or PMI are well
centered around the absorption peak of D149, as well as the EQE peak. This
indicates that shifting the emitter will not be of a benefit for the “D149-DSC + UC2” or “D149-DSC + UC-3” integrated devices.
On the other hand, blue-shifting the emitters near the 2d-DSC absorption and EQE
peaks (400 – 500 nm), in case of (2d-DSC) + UC integrated systems, could be of
benefit. Therefore, a blue-shift of 120 nm for both rubrene and PMI was applied
𝑈𝑈𝑈𝑈
and the corresponding Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was calculated using the developed model. It was

found that the 120 nm blue-shift of the rubrene in UC-s doubled the PRUCE value
compared to the measured one for the “2d-DSC + UC-2” integrated system. While
for the “2d-DSC + UC-3” integrated system, around 30 % increase in the measured
𝑈𝑈𝑈𝑈
Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was obtained in the case of blue-shifting the PMI by 120 nm. Table 5.5
𝑈𝑈𝑈𝑈
summarizes the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values in the case of the best-measured DSCs and the case of

blue-shifting the emitter’s absorption by 120 nm for the two different UC systems.
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Table 5.5: The 𝚫𝚫 𝑱𝑱𝑼𝑼𝑼𝑼
𝑺𝑺𝑺𝑺 values of the DSC-UC systems in the case of the best-measured

DSCs and those with a 120 nm blue-shifted emitter.

5.5.

Conclusion

𝑈𝑈𝑈𝑈
In this chapter, an optical model to determine the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
of the UC-assisted and UC-

integrated SCs has been developed. The model uses the optical properties (i.e.
absorption, emission, and EQE) of the components of the DSC-UC integrated
devices. Four different “DSC + UC” integrated systems were studied. The
transmission and EQE of D149-DSC and 2d-DSC devices were measured using
different TiO2 film thicknesses, as well as the absorption of PdPQ4 solution, and the
𝑈𝑈𝑈𝑈
emission of rubrene and PMI solutions were measured. From this, The Δ 𝐽𝐽𝑆𝑆𝑆𝑆
of the

DSCs in the case of integrating the UC-2 and UC-3 was calculated using the
developed optical model.
𝑈𝑈𝑈𝑈
It was seen that 2d-DSC showed higher Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values than that of D149-DSC if they

were to be integrated with either of the UC systems, except the case in which both

of the DSCs used a 2.5 µm TiO2 film and UC-2 system, where “D149-DSC + UC𝑈𝑈𝑈𝑈
2” showed a slightly higher Δ 𝐽𝐽𝑆𝑆𝑆𝑆
than that of “2d-DSC + UC-2”.
𝑈𝑈𝑈𝑈
In the case of D149-DSC devices, it was seen that the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
decreases by increasing

the TiO2 film thickness when using either UC-2 or UC-3 systems. Furthermore, the
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𝑈𝑈𝑈𝑈
highest Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values of 34.3 ± 6.5 and 19.8 ± 3.1 µA/cm2 were obtained when using

UC-2 and UC-3, respectively, where a 2.5 µm TiO2 film was used to fabricate the
D149-DSCs. This is mainly because the D149-DSC devices with 2.5 µm TiO2 film
have the highest transmission in the Q-band absorption region of the sensitizer and
the highest EQE in the emission region of the emitters.
𝑈𝑈𝑈𝑈
On the other hand, Δ 𝐽𝐽𝑆𝑆𝑆𝑆
of “2d-DSCs + UC” showed a different behaviour from

𝑈𝑈𝑈𝑈
increases
that of “D149-DSCs + UC” integrated devices. This is to say, the Δ 𝐽𝐽𝑆𝑆𝑆𝑆

by increasing the TiO2 film thickness until it reaches the maximum value of 57.4 ±

10.5 and 36.5 ± 6.1 µA/cm2 when using UC-2 and UC-3, respectively, with 2dDSCs that use a 10.3 µm TiO2 films. These values were then found to decrease by
a further increase in the TiO2 film thickness. This was mainly due to the cracking
of the TiO2 films that were visually noticed at higher thicknesses (≥ 14.5 µm). In
addition, it was reported that the optimum performance of the DSC is achieved
when the TiO2 film matches the electron diffusion length [16, 17].
𝑈𝑈𝑈𝑈
The calculated Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values are, however, still well below the best-scenario case.

Therefore, some optical improvements in the DSC-UC systems have been assumed

𝑈𝑈𝑈𝑈
and the corresponding Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values were calculated using the developed optical

𝑈𝑈𝑈𝑈
model. It was found that the highest Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values were obtained for the cases in

which a 20 % improvement in both the transmission and the EQE of the DSCs in
the Q-band absorption of the sensitizer and the UC emission, respectively, were
𝑈𝑈𝑈𝑈
assumed. In this case, the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values were almost 3 times the measured one. Since

this is very hard to achieve both the high transmission and EQE for most of the
DSCs, assumptions of improving only the transmission or EQE were made. From
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this, it was found that improving the DSC transmission has a higher effect in
𝑈𝑈𝑈𝑈
𝑈𝑈𝑈𝑈
improving the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values, where the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values were almost double the

measured one, compared to that if the same improvement was made for the EQE.

𝑈𝑈𝑈𝑈
Moreover, the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values were calculated if the absorption of the sensitizer was

red-shifted by 20, 50 or 100 nm. In the case of “2.5 µm TiO2-D149-DSC”, a 50 nm

𝑈𝑈𝑈𝑈
red-shift in the sensitizer’s absorption resulted in a 2 times increase in the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
,

compared to the measured one, when using either UC-2 or UC-3. This increase in
𝑈𝑈𝑈𝑈
the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was explained by the increases in the amount of light absorbed by the Q-

band of the sensitizer due to the red-shifting of the sensitizer’s absorption, as this
allows for more light to be transmitted through the D149-DSC.
On the other hand, red-shifting the sensitizer’s absorption in the case of “10.3 µm
𝑈𝑈𝑈𝑈
value. However, a
TiO2-2d-DSC + UC-3” decreases the actual measured Δ 𝐽𝐽𝑆𝑆𝑆𝑆
𝑈𝑈𝑈𝑈
slight increase in the measured Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was observed in the case of “10.3 µm TiO2-

2d-DSC + UC-3” when 20 and 50 nm red-shifts were made. This was then followed
by a decrease when a 100 nm red-shift was made. This decrease was attributed to
the noticeable decrease in the photon flux density at some parts of the spectrum,
which significantly affects the amount of light absorbed by the PdPQ4 sensitizer if
red-shifts were made. Moreover, for the “2d-DSC + UC-2” integrated system, a 120
𝑈𝑈𝑈𝑈
nm blue-shift of the rubrene emission doubled the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
value compared to the

𝑈𝑈𝑈𝑈
measured one. Furthermore, around 30 % increase in the measured Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was

obtained for the “2d-DSC + UC-3” integrated system in the case of blue-shifting
the PMI by 120 nm.
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To conclude, the developed optical model showed that it would be of significant
help in predicting which UC system would be more suitable for integration with a
given SC.
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Chapter 6 Understanding the
Effect of Redox Mediators on
Photon Up-Conversion Based on
Triplet-Triplet Annihilation

194

6.1. Introduction
6.1.1. Background
In Chapter 2, it was discussed that the UC-assisted and their non-radiative analogue,
the intermediate band (IB) [1], have the potential to overcome the ShockleyQueisser limit. The limited light-harvesting due to the transmission of low energy
photons is one of the major challenges facing the emerging PV technologies [2]. It
was also discussed that UC based on sTTA is of particular interest, on account of
comparably high efficiencies of up to 16 % (using the convention by which the
theoretical maximum efficiency = 50 %) at real-world relevant light intensities, as
well as under diffuse lighting conditions [3, 4]. Therefore, sTTA-UC has recently
become of particular interest in the IB-DSC applications (see Section 2.9 for more
details). IB-DSC is based on the sTTA-UC principle but in a redox mediator
environment, where a charge injection to the conduction band of a semiconductor
occurs instead of UC emission (Step 5b, Figure 2.9).
To date, a number of high quantum efficiency sTTA-UC systems have been
demonstrated, including at non-concentrated solar illumination intensities [5-10].
These are, however, yet to be successfully translated to high-efficiency photovoltaic
devices [11-19]. This is due to some challenges that include the matching between
the optical properties of the SC and that of the UC system, self-reabsorption of the
upconverted light, particularly by the sensitizer, as well as the light reflection/
refraction at the interface.
Another key technical issue here is that the triplet nature of the materials involved
in the sTTA-UC process renders them susceptible to quenching by ground-state
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oxygen, as well as other materials [20-27]; that is, significant emission quenching
of the intermediate states prior to the sTTA-UC emission or injection.
In 2015, Simpson et al. reported the first implementation of sTTA-IB, in the form
of a modified DSC to increase their light-harvesting efficiency [28]. In sTTA-IB
integrated DSC devices, a redox mediator is required to 1) balance the charge
injected from the excited singlet state of the acceptor (step 5b, Figure 2.9) and 2)
carry the charge to a counter electrode to close the photon to electron conversion
cycle. In the handful of reports on these types of solar cells [13-16] [29, 30], cobalt
(Co) based redox mediators have been employed. The decision to use Co(II/III)
complexes is most likely rooted in the known triplet quenching properties of I-/I3[31-35], along with the recent adoption of Co(II/III) based mediators in highefficiency DSCs [36, 37].
It should be noted that quenching of sensitizer and acceptor triplet excited-states by
Co(II/III) compounds due to the paramagnetic nature of Co(II), as well as energy
and charge transfer processes, is expected to occur [14]. This leads to diminished
triplet-state lifetime that impacting the overall sTTA yield . In addition, there are
concerns that cobalt ligands may be labile, resulting in ligand exchange and
formation of new cobalt-complexes in-situ [38]. Figure 6.1 shows the possible
quenching scenarios that could occur in competition with the fundamental five steps
required for photocurrent generation by sTTA-IB, due to the presence of a redox
mediator. Therefore, in this chapter we examine the quenching mechanisms that
could occur during the sTTA process due to the presence of the redox mediator.
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Figure 6.1: Schematic illustration shows the possible quenching scenarios that could occur
in competition with the fundamental five steps required for photocurrent generation by
sTTA-IB, due to the presence of a redox mediator. 𝑆𝑆1∗ , 𝑇𝑇1∗ , 𝑆𝑆 − and 𝑆𝑆 + are the singlet excited,

0
+
∗
triplet excited, reduced and oxidized states of the dyes, respectively. 𝑆𝑆𝑚𝑚
, 𝑆𝑆𝑚𝑚
𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑚𝑚
are

the ground, oxidized and excited states of the redox mediator. e-T and ET are the electron

0
+
/𝑆𝑆𝑚𝑚
is used as the generic case of mediator redox
and energy transfer, respectively. 𝑆𝑆𝑚𝑚

reaction.

In Figure 2.9, it was shown that the first four steps of the sTTA-UC and sTTA-IB
processes being common, with differentiation occurring only at step 5, where the
sTTA-UC process (step 5a) or sTTA-IB (step 5b, which requires dye-regeneration)
can be obtained. Direct measurement of sTTA-IB-DSC devices adds additional
complexity due to charge transport/recombination issues and dye regeneration. On
the other hand, sTTA-UC serves as a good proxy to understand the sTTA-IB system.
One important caveat in doing this is to account for quenching of emission from the
∗
acceptor fluorescence (𝑆𝑆1𝐴𝐴
→ 𝑆𝑆𝐴𝐴0 ) as the presence of the redox mediator in the case

of using the sTTA-IB system may affect the acceptor fluorescence properties. This
is accounted for by measuring prompt fluorescence in the presence of the mediator.
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∗
Further, it is assumed that charge injection efficiency (𝜙𝜙𝑖𝑖𝑖𝑖 ) from 𝑆𝑆1𝐴𝐴
will be close

to near unity and not significantly affected by quenching. This is because the charge
injection rates are typically much faster than fluorescence (~ 1014 s-1 and ~ 109 s-1,
respectively) [39-42], which is one of the key reasons that DSCs are able to operate
efficiently in the first place [43]. With steps (1- 4) common between sTTA-UC and
sTTA-IB, direct analysis of mediator quenching of the acceptor singlet emission
(step 5a) allows us to quantify mediator effects as they are relevant to sTTA-IB
systems. Both UC emission and prompt fluorescence of the acceptor were measured
of the UC solutions containing redox mediators, over a wide range of
concentrations.
I-/I3- has been widely used as an efficient and stable couple in DSCs since their first
report in 1991 [43]. Researchers have not used this pair in sTTA-IB-DSCs until
recently, presumably as it was previously reported that this couple quenched the
singlet excited-state in fluorescence energy relay dye-based DSCs [44, 45] as well
as triplet excited states in a number of systems [31-34].
In recent years, Co(II/III) complexes have been widely employed DSCs [46],
including in the present record power conversion efficiency DSC of 14.3 % [37].
Their use in sTTA-IB DSCs has now been reported by several groups, [14, 28, 4749] [37], however, quenching of triplet excited states has also been reported [14, 5052].
Meanwhile, TPAA0/+, which has previously been used as a hole conductor in solidstate DSCs [53, 54], has only recently been reported as a redox mediator in liquid
DSCs. Specifically, as a part of a tandem mediator or intermediate step in the entire
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charge transfer (CT) processes. It proved to provide a very fast regeneration of the
photo-oxidized dyes, minimizing recombination of injected electrons with the
cationic dye [55, 56]. However, SCs with TPAA0/+ as the redox couple in the
electrolyte showed only modest efficiencies due to the rapid recombination from
TiO2 to TPAA* + radical cations . Although it was shown to only provide modest
efficiencies by itself, it was selected for use in this study as a representative of a
new generation of heavy element-free redox mediators because it is hoped that
mediators only containing light elements will avoid quenching due to weak spinorbit coupling in heavy element-free mediators [57, 58].
To study the quenching effects (mechanism and magnitude) of these redox
mediators on the sTTA process, they are introduced into the UC system, ‘acceptor
only’ and ‘sensitizer only’ solutions at a wide range of concentrations, especially at
those near to device-relevance. “Device-relevant” concentrations are those required
in order for DSC devices under one sun illumination to function properly, where a
redox mediator is used to sustain the photogenerated current by closing the
electrochemical circuit between the photoanode and the cathode in the SC.
6.1.2. Aims and Objectives
This chapter aims to study the redox mediator effects (mechanisms and magnitude)
on the sTTA process using three different redox mediators from low to near “devicerelevant” concentrations to identify the losses pathway(s) and provide insight into
the limitations as they exist in this field and provide pathways forward. The three
redox mediators employed in this study are the Co(bpy)32+/3+ pair and I-/I3- system,
as well as the recently reported TPAA0/+ organic redox mediator. TPAA0/+ was
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selected as a representative of a new generation of heavy element-free redox
mediators to test the hypothesis that exclusion of heavy-elements in the redox
mediators would limit UC quenching.
6.2. Experimental
6.2.1. Materials
The source, preparation and/or synthesize method of all the materials used in this
chapter were stated in detail in Section 3.1. For simplicity, Co(bpy)32+,
Co(bpy)33+detailand Co(bpy)32+/3+ will be referred to as Co2+, Co3+ and Co2+/3+
throughout the remainder of this chapter.
6.2.2. Sample Preparation
All samples were prepared in an argon-filled glove box in order to exclude
molecular oxygen. Standard solutions were prepared as either 2.5 µM PtTBTPP
(sensitizer), 1 mM BDCA (acceptor) or combined UC-3 solution (2.5 µM PtTBTPP
+ 1 mM BDCA). These sensitizer and acceptor concentrations were chosen based
on the concentrations used in previous reports where an efficient rate at which the
triplets decay through bimolecular sTTA relative to unimolecular decay has been
obtained [23, 59, 60].
The redox mediators were added at various concentrations, with constant molar
ratios of (Co2+: Co3+ ) is (20 : 3), (I- : I3) is (14 : 1) and (TPAA0:TPAA+) is (10 : 1).
NOBF4 was used as an oxidizing agent for TPAA to control the concentration of the
TPAA+ species. As this study is used as a proxy for the sTTA-IB DSCs integrated
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devices, stock electrolyte compositions similar to those used in DSCs applications
have been prepared as stated in Section 3.1.2.
6.2.3. Characterization
6.2.3.1. UV-Vis Absorption Spectroscopy
All solutions were prepared in dry and deoxygenated DMF. The measurements were
conducted using Shimadzu UV-1800 spectrometer, where 10 mm path length quartz
cuvettes were used.
6.2.3.2. Steady-state Emission Measurements
Steady-state emission measurements were performed as described in Section 3.3.4,
where 2 mm path length micro quartz cuvettes (180 µL, Starna, 23-2.45/Q/2) were
used. All solutions were prepared in DMF and all measurements were conducted
using a 400 nm long-pass filter (Andover Corporation Optical Filter, 400SC-01-50)
in front of the excitation source to prevent any artifacts from second-harmonic
diffracted light. Furthermore, all the measurements were acquired at different
excitation and emission slit widths ranging from (0.5 - 14 nm) and only the data
where the emissions from the samples can be clearly distinguished from the
background were considered and shown in this chapter. More details about the setup
used to collect these measurements can be found in Section 3.3.4.
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6.3. Results and Discussion
6.3.1. Absorption and Emission Measurements of the UC-3 (BDCA +
PtTBTPP) System Components
Absorption and steady-state emission spectra of BDCA, PtTBTPP, and UC-3
solutions were measured and are shown, normalized, in Figure 6.2. Photo-exciting
the UC-3 solution at 610 nm (the Q-band of PtTBTPP) yielded emission features
matching both those of PtTBTPP phosphorescence and BDCA prompt fluorescence
and were in good agreement to our previous report [28, 61]. It should be also noted
that the UC spectra are stitched together, where the emission intensities of PtBTPP
and BDCA are not the same. The chemical structures of BDCA and PtTBTPP are
shown in Figure 6.3(b).
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Norm. Absorption / Emission
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Combined Em
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Figure 6.2: (a) Normalized absorption and emission of BDCA emitter (green), PtTBTPP
sensitizer (blue), and UC (black) solutions in DMF. The emission spectra were acquired
after exciting BDCA solution at 450 nm, while PtTBTPP and UC solutions were excited at
610 nm. (b) Chemical structure of BDCA emitter and PtTBTPP sensitizer.

6.3.2. UC-3 Emission Dependence on Redox Mediator Type and
Concentration
A series of steady-state emission measurements were acquired for the UC-3 solution
with different concentrations of the aforementioned redox mediators in order to
study the significance/effect of the redox mediator on the sTTA process, as will be
discussed later on.
From Figure 2.9, it is clear that the results of photoluminescence measurements
(UC emission, pathway 5a) will differ from the charge generation (pathway 5b) due
to different effects on the fluorescence as compared to charge injection yields. To
account for this, the normalized UC emission intensities values at 520 nm (BDCA
emission peak), after exciting the UC solution at 610 nm, were measure. These were
then divided by the prompt fluorescence ones, after exciting the UC solution at 450
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nm, giving us a comparative yield up to step 4 shown in Figure 2.9. These
measurements were performed using the UC-3 solution with the aforementioned
three redox mediators at different concentrations.
Figure 6.3(a-f) shows the steady-state emission measurements of the UC-3 solution
when excited at 610 nm (yielding UC emission) and at 450 nm (yielding BDCA
prompt emission) with different

Co2+/3+, I-/I3- and TPAA0/+ redox mediator

concentrations. It can be clearly seen that the redox mediators significantly quench
both the UC and prompt BDCA emissions, even at very low concentrations of the
Co2+/3+ mediator.
Figure 6.3 reveals that the sTTA process (i.e. the common steps (1-4) of both IB
and UC) is severely hampered in the case of each of the three mediator systems
when their concentrations approach the device-relevant ones. As both prompt and
UC emissions are impacted by the redox mediators, it is possible to determine the
relative efficiency of the TTA step (step 4 in Figure 2.9) during the sTTA-UC
process. Step 4 efficiency is critical for understanding the impact on sTTA-IB DSC
devices, where emission does not occur, but rather charge injection does. This
charge injection is assumed to be fast enough that there will be a negligible impact
from the presence of mediators.
It can be noted that the Co2+/3+ redox mediator significantly quenches the UC
emission even at very low concentrations. 880 µM Co2+ + 132 µM Co3+ (~ 3 orders
of magnitude lower than the concentrations used in conventional DSCs) is the
highest concentration where an UC signal can be clearly distinguished from the
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background. At this concentration, the UC emission is 2 orders of magnitude lower
compared to that with no mediator.
On the other hand, when using TPAA0/+ and I-/I3-, the highest concentrations where
an UC signal can be clearly seen were around 1/20 and 1/14 times lower compared
to the ones used in conventional DSCs for TPAA0/+ and I-/I3-, respectively. Despite
the fact these concentrations are significantly higher compared for Co2+/3+, TPAA0/+
still shows 3 orders of magnitude decrease in the UC emission compared to this
where no mediator is used, while I-/I3- showed only 80 % decrease in the UC
emission compared to this where no mediator is used.
It can be also noted that when only using TPAA0 (Figure 6.3(g, h)), even at high
concentrations, the UC emission was not as significantly quenched as in the case of
TPAA0/+, which could indicate that this quenching could be a charge transfer-related
effect. Furthermore, BDCA prompt emission was not as much affected by the redox
mediators as in the case of the UC emission.
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Figure 6.3: Steady-state emission intensities of the UC-3 solution in DMF, with different
concentrations of (a, b) Co2+/3+ (c, d) I-/I3- and (e, f) TPAA0/+ redox mediators and (g, h)
neutral TPAA after exciting at either 610 nm yielding UC emission or 450 nm providing
the BDCA prompt emission response.
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6.3.3. Normalized UC Vs. BDCA Prompt Emission
Figure 6.4(a-c) shows the UC (Ex at 610 nm) and BDCA prompt (Ex at 450 nm)
emissions of the UC-3 solution with the three different redox mediators as a
function of the redox mediator concentration normalized against the mediator-free
case. As the Co2+, I- and TPAA0 concentrations are higher than Co3+, I3- and
TPAA+, respectively, in the Co2+/3+, I-/I3- and TPAA0/+ redox mediators, therefore
the normalized emission intensities were expressed as a function of Co2+, I- and
TPAA0.
It can be noted that all the redox mediators significantly quench the UC emission
even at very low concentrations, specifically in the case of Co2+/3+ redox mediator,
where the UC was near-complete quenched at concentrations which is 3 orders of
magnitude lower than that used in conventional DSCs. However, when only
introducing the neutral TPAA (Figure 6.4(d)), it was noted that the UC emission
was not affected much compared to the other redox mediators, specifically
TPAA0/+. This indicates that the quenching in the UC emission is mainly due to eT to the redox mediator. Moreover, no significant quenching, compared to that of
the UC emission, was noted for BDCA prompt emission. This also refers that the
quenching of the UC emission is most probably happening during the earlier stages
(i.e. steps 1-3 in Figure 2.9) of the sTTA-UC process before even reaching the
sTTA step (step 4 in Figure 2.9).
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Figure 6.4: The normalized emission intensity of the UC (Ex at 610 nm) and BDCA prompt
(Ex at 450 nm) emissions at 520 nm at different concentrations of (a) Co2+ (b) I- (c) TPAA0/+
and (d) TPAA0 redox mediators.
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6.3.4. Corrected UC Emission for Different Redox Mediators
The results of UC measurements will differ from charge injection (Figure 2.9, steps
5a & 5b, respectively) due to different effects on the fluorescence as compared to
charge injection yields. In order to account for this, the normalized UC emission
intensities (Ex @ 610 nm) values at a wavelength, where BDCA emission is at its
maximum (i.e. 520 nm), were divided by the BDCA prompt fluorescence ones (Ex
@ 450 nm), giving us a comparative yield up to step 4 shown in Figure 2.9.
Therefore, after extracting these values from the data provided in Figure 6.3, the
fluorescence quenching corrected UC emission values at 520 nm were obtained
using the following formula:
Fluorescence Quenching Corrected UC Emission at 520 nm
=

I (UC)R
�

�

I (BDCA prompt)R
�
I (BDCA prompt)0

Where 𝐼𝐼 (𝑈𝑈𝑈𝑈)𝑅𝑅 is the UC emission intensity with redox mediator, 𝐼𝐼 (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)𝑅𝑅 is the

background-corrected BDCA prompt emission intensity with redox mediator and
𝐼𝐼 (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)0 is the background-corrected BDCA prompt emission intensity without
redox mediator.

Figure 6.5(a-c) shows the normalized intensity of the fluorescence quench
corrected UC emission as a function of the three redox mediator concentration as
well as for that of the neutral TPAA (Figure 6.5(d)). It should be noted that UC
emission that cannot be analyzed effectively, i.e. was not discernible from
background noise, were found for solutions containing greater than 880 µM Co2+ +
132 µM Co3+ , 2.8 mM I- + 0.2 mM I3- and 20 mM TPAA0 + 2 mM TPAA+ when
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using Co2+/3+ , I-/I3- and TPAA0/+ redox mediator, respectively. Additionally, we
have provided a shaded region highlighting the range of concentrations typically
employed in DSCs for illustrative purposes.
It can be noted that all the fluorescence quenching corrected UC emission is
quenched by the three redox mediators. This was noted to be significant in the case
of Co2+/3+ and TPAA0/+, even with 1-2 orders of magnitude lower mediator
concentrations than is needed for a conventional DSC, the UC signal is quenched
more than 99 % as compared to the mediator-free. On the other hand, I-/I3- mediators
showed appreciable UC emission even at near device-relevant concentrations,
where 5 - 10 % of the UC emission can be still sustained. This suggests I-/I3mediators as a good and alternative candidate for the Co2+/3+ mediators in sTTA-IB
DSCs applications. Interestingly, 10 - 40 % of the UC emission can be obtained
when using neutral TPAA.
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Figure 6.5: Normalized corrected UC emission intensities of the UC solutions at 520 nm at
different concentrations of (a) Co2+/3+ [(Co2+: Co3+) is (20:3)] (b) I-/I3- [(I- : I2) is (14:1)] (c)
TPAA0/+ [(TPAA0: TPAA+) is (10: 1)] redox mediators and (d) neutral TPAA after exciting
at 610 nm.

6.3.5. Limitation and Challenges
Few studies reported sTTA-IB DSC integrated devices with a reasonable
photocurrent response (~ 315 µA/cm2) at device-relevant concentrations [11-14, 16,
62-64]. This may be attributed to differences between the sTTA-IB DSC integrated
systems and using the sTTA-UC solution, used in this study, as a proxy. One of
those differences is the homogeneity of the sTTA-UC solution, where the redox
mediator can easily access/find either the sensitizer or the acceptor as they are in
the mediator vicinity, in turn, energy and charge transfer to/from the redox mediator
occurs, as schematically shown in Figure 6.6, which results in quenching the UC
emission.
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Additionally, in the case of sTTA-IB DSC integrated devices, especially in systems
where the sensitizer is coordinated to a surface-bound acceptor via metal ion
linkages [13, 15, 16, 62], the probability of electron transfer from the photoexcited
sensitizer to the redox mediator is less. Moreover, in sTTA-IB DSC integrated with
the acceptor molecule tethered to the semiconductor, the redox mediators may find
difficulty in accessing the acceptor. Consequently, this reduces the probability of
charge or energy transfer from the acceptor to the redox mediator. The possible
processes that could compete with sTTA-UC or sTTA-IB process in a redox
mediators environment, as have been discussed earlier, are summarized in Table
6.1.

Figure 6. 6: Schematic shows two different scenarios as insets that could occur in sTTAIB DSC integrated systems when the redox mediator is/is not in the vicinity of the acceptor
and sensitizer.
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Table 6. 1: A summary of the possible processes that could compete with the sTTAUC or sT TA-IB process in a redox mediators environment.

No. Process

1

Sensitizer
Absorption
∗
𝑆𝑆0𝑠𝑠 + ℎ𝜈𝜈 → 𝑆𝑆1𝑠𝑠

2

Intersystem
crossing (ISC)
𝐼𝐼𝐼𝐼𝐼𝐼

∗
∗
𝑆𝑆1𝑠𝑠
�� 𝑇𝑇1𝑠𝑠

3

Triplet Energy
Transfer (TET)
𝑇𝑇𝑇𝑇𝑇𝑇

∗
∗
𝑇𝑇1𝑠𝑠
�⎯� 𝑇𝑇1𝐴𝐴

4

5a

Triplet-Triplet
Annihilation
(TTA)

TTA-UC
∗
𝑆𝑆1𝐴𝐴
→ 𝑆𝑆0𝐴𝐴 +
ℎ𝜈𝜈

Possible Competitive
Processes

Light-harvesting efficiency
(LHE)
competition,
or
sensitizer oxidation/ reduction
by the mediator.

Competitive LHE (by way
of reaction): reduce the
sensitizer concentrations,
so absorption at 610 nm
decreases.

∗
Energy or charge transfer to Energy transfer from 𝑆𝑆1𝑠𝑠
,
the mediator, paramagnetic or before ISC occurs, to
heavy element quenching redox mediator.
effects.

Phosphorescence, sensitizer
Energy or charge transfer
self-quenching, energy or
to the mediator and a
charge transfer to the
phosphorescence.
mediator, reverse intersystem
crossing.
Energy or charge transfer to Energy or charge transfer
the mediator.
to the mediator.

∗
)
Acceptor’s singlet could be Acceptor’s singlet (S1A
quenched by energy or charge could be quenched by
transfer to the mediator.
energy or charge transfer
to the mediator.

TTA-IB

5b

Quenching Scenario

Unlikely,
where
the
Acceptor’s singlet could be
quenching rates of the
quenched by energy or charge
+
∗
acceptor by the mediators
𝑆𝑆1𝐴𝐴
→ 𝑆𝑆1𝐴𝐴
transfer to the mediator.
−
are at least 3 orders lower
+ 𝑒𝑒 ( 𝑇𝑇𝑇𝑇𝑂𝑂2 𝐶𝐶𝐶𝐶)
than the injection rate.
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6.4. Conclusion
In conclusion, redox mediator type and concentration showed significant quenching
effects on the sTTA-UC process, particularly when using Co2+/3+ and TPAA0/+
mediators, however, 5-10 % of the UC emission can be sustained when I-/I3- (ca. 50
mM I- + 4 mM I3- ) was used. To date, reports of sTTA-IB-DSCs have almost
exclusively used cobalt redox mediators. These results showed that using I-/I3-, to
be promising for sTTA-UC applications in a redox mediator environment.
The TPAA0/+ redox mediator was selected in this study as a representative of a new
generation of heavy element-free redox mediators. It was initially hoped that
mediators only containing light elements would minimize the UC emission
quenching as the spin-orbit coupling is weaker [57, 58], however, this did not seem
to be the case, having almost the same effect as using the Co2+/3+ mediator. This
indicates that the UC emission quenching could be due to electron transfer between
the redox mediator and the UC components, as suggested in Figure 6.1. Therefore,
this will be the main aim of Chapter 7, i.e. to study and investigate the effect of the
redox mediator on the individual components of the UC solutions to determine what
are the processes responsible for the significant quenching of the UC emission.
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Chapter 7 Redox Mediator Effects
on the sTTA-UC Solution
Components
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7.1. Introduction
7.1.1. Background and Motivation
In Chapter 6, the effects of a redox mediator environments on the sTTA-UC process
have been studied using three different redox mediators [Co2+/3+, I-/I3- and TPAA0/+]
at up to “device-relevant” concentrations, which are typically required in order for
DSC devices under one sun illumination to function properly. This is because the
redox mediator is used to sustain the photogenerated current by closing the
electrochemical circuit between the photoanode and the cathode in the solar cell. It
was found that all three of the examined redox mediators significantly quench the
UC emission, even at low concentrations. As the sTTA-UC process includes a few
intermediate steps prior to the emission step, the possible processes that could be
competing with/quenching the UC emission were summarized in Chapter 6.
However, the main reason(s) for the significant UC emission quenching by the
redox mediator was not clearly identified.
To identify the main reason(s) that causes the significant quenching of the UC
emission, this chapter aims to study the redox mediators effect on the individual
components of the UC solution studied in Chapter 6, i.e. “PtTBTPP sensitizer only”
and “BDCA acceptor only”. In order to do that, the photoluminescence properties,
the steady-state and in-situ optical absorption and electrochemical measurements
of the PtTBTPP sensitizer and BDCA acceptor in the absence and presence of
different redox mediators have been acquired.
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7.1.2. Aims and Objectives
This chapter examines the redox mediator's effects on the sTTA-UC efficiency by
studying their quenching effects on the emission properties of the individual
components of the UC-3 (PtTBTPP + BDCA) system. This was studied using the
same three redox mediators (Co2+/3+, I-/I3- and TPAA0/+) used earlier in Chapter 6.
It was noted in Chapter 6 that using the neutral TPAA did not quench the UC
emission as much as the three redox mediators significantly did. Therefore, the
quenching effects of the neutral TPAA on the emission properties of the PtTBTPP
sensitizer and BDCA acceptor were also studied.
From this, the reason(s) behind the significant quenching of the UC emission in a
redox mediator environment, as shown in Chapter 6, could be identified. Knowing
the reasons behind this significant quenching in the UC emission will help in
overcoming/reducing their effects in order to allow efficient use of sTTA-UC
systems in a redox mediator environment.
7.2. Experimental
7.2.1. Materials
The source, preparation or synthesis method of all the materials used in this chapter
were stated in more details in Section 3.1. For simplicity, Co(bpy)32+ , Co(bpy)33+
detailand Co(bpy)32+/3+ will be referred to as Co2+, Co3+ and Co2+/3+ throughout the
remainder of this chapter.
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7.2.2. Samples Preparation
All samples were prepared in an argon-filled glove box in order to exclude
molecular oxygen. Standard solutions were prepared as either 2.5 µM PtTBTPP
(sensitizer) or 1 mM BDCA (acceptor). Redox mediators were added at various
concentrations, with molar ratios of 20 : 3 for Co2+: Co3+, 14 : 1 for I- and I3- and 10
: 1 for TPAA0:TPAA+ , as well as TPAA (the neutral case of TPAA0/+ mediator).
Stock electrolyte compositions similar to those used in DSCs applications were
prepared as stated in Section 3.1.2.
7.3. Characterization
7.3.1. UV-Vis Absorption Spectroscopy
All solutions were prepared in DMF. The measurements were conducted using a 10
mm path length quartz cuvette. Initial absorption spectra were recorded of diluted
solutions, using a Shimadzu UV-1800 spectrometer to probe the effects of high
mediator concentrations on PtTBTPP absorption.
7.3.2. Photoluminescence Spectroscopy
All solutions were prepared in DMF. The measurements were conducted as
described in Section 3.2, where 2 mm path length standard micro quartz cuvettes
were used.
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7.3.2.1.

Steady-state Emission Measurements

Steady-state emission measurements were performed using a Horiba Fluorolog
fluorescence spectrophotometer. More details about the used setup and the
experimental conditions can be found in Section 3.3.4.1.
7.3.2.2.

Fluorescence Excitation Measurements

Fluorescence excitation measurements were collected using the same Fluorolog
spectrophotometer and similar experimental conditions as for the steady-state
measurements except the solutions were excited at the (450 – 650 nm) wavelengths
range and the emission spectra were collected in the (660 – 850 nm) wavelength
range.
7.3.2.3.

Time-resolved Emission Measurements

Photoluminescence lifetime measurements were collected using the same
fluorescence spectrometer. The lifetime data was fitted using the DAS software
package, using an exponential function(s). More details about the used setup and
the experimental conditions can be found in Section 3.3.4.2.
7.3.3. Anionic/Cationic Absorption and Photoluminescence
In-situ absorption measurements have been acquired using a custom SEC. The
preparation method of the SEC cell, as well as the experimental conditions, were
described in detail in Section 3.3.6.
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7.3.4. Cyclic Voltammetry Measurements
Cyclic voltammetry measurements were used to determine the redox potentials of
the PtTBTPP sensitizer, BDCA emitter, and Co2+/3+, I-/I3- and TPAA0/+ redox
mediators employed in this study. The solution preparation, experimental
conditions, as well as reduction potentials calculations were described in detail in
Section 3.3.5.
7.3.5. Nuclear Magnetic Resonance Spectroscopy
Nuclear Magnetic Resonance (NMR) measurements were recorded using Bruker
AVANCE III HD 400 MHz in deuterated DMF.
7.4.

Results and Discussion

7.4.1. Absorption and Emission Spectra of BDCA Acceptor and PtTBTPP
Sensitizer
The steady-state optical absorption and emission spectra of BDCA acceptor and
PtTBTPP sensitizer solutions, in DMF, were measured and are shown, normalized,
in Figure 6.2(a). Photo-exciting BDCA and PtTBTPP solutions at their absorption
maxima (450 nm for BDCA and 610 nm for the Q-band absorption peak of
PtTBTPP) yielded emission features matching both those of PtTBTPP
phosphorescence and BDCA prompt fluorescence and were in good agreement to
the previously reported ones [1, 2].
sTTA-UC has gained tremendous attention in the past few years and shows a
potential for a wide range of energy-related and other applications that could
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include redox mediators species, covering from lighting and display technologies
to biological and biomedical applications. This is due to its unique optical and
chemical properties such as the absence of toxicity, low photo-damage to the
biological cells, and high tissue-penetration depth of the excitation light [3]. sTTAUC process cannot be efficient without the earlier steps (i.e. light-harvesting by
sensitizer, ISC, and TET) being efficient too (see Section 2.7.1 and Section 2.8 for
more details). Consequently, the mediator effects on PtTBTPP sensitizer and BDCA
acceptor properties have to be examined. To understand the significant sTTA-UC
emission quenching behaviour in a redox mediator environment as was noted in
Chapter 6, the mediator's effects on PtTBTPP and BDCA properties have to be
studied. Therefore, a series of photoluminescence, steady-state and in-situ optical
absorption, electrochemical and NMR measurements were acquired. From this,
interactions between the mediator and the sTTA process were elucidated, as will be
discussed in the following sections.
7.4.2. Redox Mediator Effects on the Optical Properties of PtTBTPP
Sensitizer
7.4.2.1.

Redox Mediators Effect on the Emission of PtTBTPP Sensitizer

After exciting PtTBTPP at 610 nm (Q-band absorption peak), the emission
intensities of PtTBTPP with and without redox mediators at different concentrations
were acquired, as shown in Figure 7.1(a-e). The results show somewhat similar
trends to what was observed for the UC emission of UC-3 in Chapter 6 (Section
6.3.2), where PtTBTPP emission decreases by increasing the concentration of the
mediator.
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In the absence of the redox mediator, PtTBTPP showed a strong phosphorescence
emission centered at 765 nm, as shown in Figure 7.1(a-e), which is in a good
agreement with the literature [1, 2, 4]. The sensitizer triplet state nature of this
phosphorescence was demonstrated by exposing the PtTBTPP solution to O2 as
shown in Figure 7.1(e).
On the other hand, in the presence of Co2+/3+, I-/I3- or TPAA0/+ redox mediators
(Figure 7.1(a-c)), even at lower concentrations compared to those used in
conventional DSCs, the intensity of the 765 nm peak was significantly diminished.
While the neutral TPAA also leads to a decrease in intensity, the decrease was much
less pronounced, even at a high concentration of 100 mM TPAA (Figure 7.1(d)).
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Figure 7.1: The emission intensity of 2.5 µM PtTBTPP sensitizer in DMF with different
redox mediators at different concentrations of (a) Co2+/3+ (b) I-/I3- (c) TPAA0/+ redox
mediators and (d) neutral TPAA and (e) in the prescence of O2 after exciting at 610 nm .

Speculated reasons for the quenching of the peak at 765 nm include the possibility
that the quenching could be due to the formation of the PtTBTPP anions/cations,
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electron transfer (e-T) and/or energy transfer (ET) from PtTBTPP to the redox
mediator. These are explored in the sections below. Reverse intersystem crossing
(RISC) is assumed to be unlikely as the separation of 𝑆𝑆1∗ (1.95 𝑒𝑒𝑒𝑒) and
𝑇𝑇1∗ (1.62 𝑒𝑒𝑒𝑒) is around 13-times kBT [5]. From this, the quenching of the sensitizer’s

singlet excited state by the redox mediator was ruled out. This leads the focus on
the next step in the sTTA-UC process. After ISC occurs, the sensitizer is in a triplet
excited state, therefore, photoluminescence measurements of the PtTBTPP
sensitizer were performed.
The quenching rates (kq) of the 765 nm PtTBTPP phosphorescence by the three
mediators have been obtained using the time-resolved emission measurements of
PtTBTPP with “10 – 15” mM of each of Co2+/3+, I-/I3- and TPAA0/+ redox mediators,
where a single exponential function was used to fit the decays. From this, the kq
values of PtTBTPP phosphorescence at 765 nm were obtained using equation (7.1);
where [𝑄𝑄] is the concentration of the quencher (the redox mediator in this case) and

ԏ𝑅𝑅 and ԏ𝑠𝑠 are the lifetimes of the sensitizer with and without redox mediators,
respectively. kq values of 1.42 × 108 M-1 s-1, 6.5 × 107 M-1 s-1, 2.4 × 107 M-1 s-1 and
3.73 × 105 M-1 s-1 were obtained in case of using Co2+/3+, TPAA0/+, I-/I3- redox
mediators and neutral TPAA, respectively.
1
1
𝑘𝑘𝑞𝑞 = ( − ) ⁄ [𝑄𝑄]
ԏ𝑅𝑅 ԏ𝑠𝑠

(7.1)

Co2+/3+ showed the strongest quenching effect, by a factor of ~ 5 times compared to
the other two redox mediators. This is to say, replacing cobalt mediators, which
were almost exclusively used in sTTA-UC DSC integrated devices, with less
quenching ones such as I-/I3- or TPAA0/+ will probably be more beneficial.
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These differences in kq values could be explained by the different driving forces of
the e-T between the mediators and the PtTBTPP sensitizer ground state (Figure
7.2). The inset table lists the CT driving forces values and the corresponding kq
values using the different mediators.

Figure 7.2: Schematic illustration of the potential levels of BDCA, PtTBTPP, I-/I3-, Co2+/3+,
and TPAA0/+. The inset table shows the electron transfer driving force values between the
reduced excited state of PtTBTPP sensitizer and the oxidized state of the mediators.
𝑆𝑆1∗ , 𝑇𝑇1∗ , 𝑆𝑆 − and 𝑆𝑆 + are the singlet excited, triplet excited, reduced and oxidized states of the
dyes, respectively. 𝐸𝐸𝑂𝑂𝑂𝑂 is the oxidized potential of the mediator.

These kq results indicate the significant quenching of the UC emission in the
presence of the three redox mediator (as shown in Chapter 6), as a result of
PtTBTPP triplet-states quenching. This was particularly noted when using Co2+/3+
and TPAA0/+ mediators, even at very low concentrations. However, when using I/I3- mediators and neutral TPAA, the UC signal was not fully quenched even near
device-relevant concentrations (Figure 6.5).
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A second emission peak was also observed, centered around 675 nm. In the
mediator-free solution, this peak manifested as a shoulder. On the other hand, with
high concentrations of I-/I3- or even low concentrations of Co2+/3+ ( ≥ “1 mM Co2+
+ 0.1 mM Co3+”), a distinct second peak can be seen (Figure 7.1(a)). Additionally,
when TPAA0/+ or TPAA were used, this second peak appeared only as a shoulder.
As this 675 nm signal becomes more significant in the presence of Co2+/3+, a number
of hypotheses can be made, such as the paramagnetism effect of Co2+ on the
sensitizer fluorescence and/or a chemical reaction with the sensitizer that could
form a Co-ligand, which could be emitting at this wavelength. To explore this, a
series of experiments were carried out and the results were discussed in detail in the
following sections (Section 7.4.2.2 – Section 7.4.2.7).
7.4.2.2.

Redox Mediator Effects on the Steady-state Emission of PtTBTPP
Sensitizer

Knowing that the triplet ground state of molecular oxygen is a strong quencher of
the phosphorescence, with its singlet excited state located at 0.94 eV, this would be
a good indication whether the 675 nm feature arises from a triplet excited state or
other (e.g. fluorescence from a singlet or quintet excited state). Moreover, the redox
mediator quenching effects on PtTBTPP emission can be investigated when
measuring the emissions of the “PtTBTPP + redox mediator” solutions deaerated
and aerated then compare them in both cases.
Therefore, the steady-state emission spectra of the deaerated and aerated PtTBTPP
solutions without and with mediators (at different concentrations) were collected,
as shown in Figure 7.3(a-d). It can be clearly seen that PtTBTPP emission intensity

236

decreases by increasing the mediator concentration. The emission of PtTBTPP
solutions without and with mediators is also significantly quenched after aeration.
When using Co2+/3+ ((Figure 7.3 (b)), the emission spectra were dramatically
changed, where the second and centered emission signal around 675 nm become
more prominent. Moreover, the decrease in the emission of “PtTBTPP + redox
mediator” after aeration was not significant if compared to that one without the
mediator, as seen in Figure 7.3(a).
In the mediator-free solutions, as well as those with low concentrations of either I/I3- and neutral TPAA, the 675 nm emission manifested as a small shoulder, as
shown in Figure 7.3(a, c, e). On the other hand, with high concentrations of these
mediators, a distinct second peak can be seen. However, in the case of “PtTBTPP
+ Co2+/3+” (Figure 7.3 (b)), the intensity of this peak becomes stronger than the one
at 765 nm for concentrations greater than “88 mM Co2+ + 13.2 mM Co3+”. To
identify the origin of the 675 nm signal, time-resolved emission measurements of
PtTBTPP with the three mediators at different concentrations were acquired and
discussed in the following section.
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Figure 7.3: Steady-state emission spectra of (a) “PtTBTPP only” and in the presence of low
and high concentrations of (b) Co2+/3+ (c) I-/I3- (d) TPAA0/+ redox mediators and (e) neutral
TPAA for deaerated and aerated solutions. All solutions were excited at 610 nm. The insets
show a zoom-in for the circled areas.

7.4.2.3.

Redox Mediators Effects on the Time-resolved Emissions of PtTBTPP
Sensitizer PtTBTPP

Figure 7.4 shows the time-resolved emission measurements of PtTBTPP solutions
without (Figure 7.4(a)) and with redox mediators (at different concentrations)
(Figure 7.4(b-g)), as well as with neutral TPAA (Figure 7.4(h, I)). The lifetimes
were monitored at both the 675 nm emission signal and the 765 nm
phosphorescence peak after exciting the solutions at 610 nm.
The phosphorescence lifetimes of 765 nm emission were fitted using a single
exponential function. It was clearly noted that the lifetime decrease by increasing
the mediator concentration, particularly when using Co2+/3+ (Figure 7.4(b)), which
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has a significant effect on phosphorescence even at very low concentrations. While
using the neutral TPAA (Figure 7.4(h, I)), even at a high concentration of 100 mM,
much less quenching effect was seen compared to the redox mediators.
When analyzing the emission signal at 675 nm (Figure 7.4(c, e, g, I)), it was found
that this was composed of two processes, one slow (in the range of µs - ms range)
and a faster one (in the sub µs range). Therefore, a bi-exponential function was used
to fit the lifetime decays data. From this, it was concluded that the slow process (µsms timescale) corresponds to the 765 nm phosphorescence. This was also
confirmed by measuring the emission lifetime of ‘PtTBTPP only’ at 675 nm (Figure
7.4(a)), which showed nearly the same lifetime-time as that of the 765 nm peak.
Further, a complete quenching of the 675 nm emission in the presence of redox
mediators was observed after aeration, which gives a strong indication that the
mechanism of the 675 nm emission features involves a triplet state. On the other
hand, the fast process was too fast component to reliably capture using the MCS
mode. It cannot also be measured using the TCSPC mode, due to the signal buildup from the slow component.
It should be noted that at concentrations greater than or equal to “880 µM Co2+ +
132 µM Co3+” (Figure 7.4 (b, c)), “14 mM I- + 1 mM I3-“ (Figure 7.4(d, e)) and
“10 mM TPAA0 : 1 mM TPAA+” (Figure 7.4(f, g)), the 765 nm phosphorescence
is near-complete quenched and the fast component is dominant. At these
concentrations, only a fast process that cannot be measured using either TCSPC or
MCS modes can be seen when probing emission at 675 nm

241

On the other hand, this fast process did not show the same significant effect in the
case of neutral TPAA (even up to 100 mM) as the slower process attributed to
PtTBTPP phosphorescence can still be clearly measured (Figure 7.4(I)). Figure
7.4(J) also confirms that the PtTBTPP phosphorescence at 765 nm is significantly
quenched when using the three redox mediators compared to that when using the
neutral TPAA. This suggests that the quenching of the phosphorescence is most
probably a charge transfer effect.
One of the hypotheses for the appearance of the 675 nm peak was that it could have
originated from either an anionic or cationic porphyrin due to the reduction or
oxidation of PtTBTPP, respectively. Moreover, it was speculated that free-base
tetrabenzotetraphenyl porphyrin (TBTPP) could also be formed as it has a blueshifted emission compared to the PtTBTPP [6]. Furthermore, a complex or ligand
formation due to the reaction between the redox mediator, particularly Co2+/3+, and
the PtTBTPP sensitizer was also investigated as a possible cause of the 675 nm
emission. The 675 nm emission becomes more significant, particularly in the
presence of Co2+/3+, where it increased by increasing the mediator concentration
whereas the 765 nm decreases.
To rule out the possibility of these aforementioned species/processes, steady-state
and in-situ optical absorption, NMR and fluorescence excitation measurements
were carried out, as will be discussed in greater details in the following sections.
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Figure 7.4: The time-resolved emission measurements of the 765 nm peak and 675 nm signal for 2.5 µM PtTBTPP solutions without (a) and with (b, c) Co2+/3+
(d, e) I-/I3- redox mediators and (f, g) TPAA0/+ (h, I) neutral TPAA at different concentrations. All diagrams are plotted on a log-linear scale (j) different redox
mediators at (5-7 mM) concentrations.
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7.4.2.4. Redox Mediators Effects on the Absorption of PtTBTPP Sensitizer
It was suspected that the redox mediators, specifically Co(bpy), may react with
PtTBTPP leading to free-base TBTPP and a cobalt complex formation on account
of a change in the absorption spectra. To rule out the possibility of a cobaltcomplex or cobalt-ligand formation between PtTBTPP sensitizer and redox
mediators, the steady-state optical absorption measurements of “PtTBTPP only”,
“redox mediator only” and the mixture “PtTBTPP + redox mediator” solutions
were acquired. This is because it was believed that the formation of new products
could be observed by a change and/or formation of a new absorption peak(s) in the
optical absorption spectra. The measured absorption of the mixture solutions was
then compared with the summed ones (i.e. “PtTBTPP only” absorption + “redox
mediator only” absorption) under the same concentration of PtTBTPP and the
mediator in both cases, as shown in Figure 7.5.
A significant difference in the absorption of the Q-band of the PtTBTPP sensitizer
can be seen when using Co2+/3+ (Figure 7.5(a, b)), I-/I3- (Figure 7.5(c)) and
TPAA0/+ (Figure 7.5(d)) mediators. On the other hand, no noticeable change in
the spectra was observed when the neutral TPAA was used, even at the highest
concentration of 100 mM TPAA (Figure 7.5(f)). Moreover, a competitive lightharvesting between PtTBTPP and Co2+/3+, I-/I3- and the oxidized species of TPAA
(TPAA+) can be clearly seen around PtTBTPP Q-band absorption. TPAA+ species
were featured with their absorption peak around 730 nm and a shoulder around
615 nm, which is in good agreement with the literature [7]. The TPAA+ species,
however, showed poor optical stability over time (Figure 7.5(e)), where NOBF4
was used as an oxidizing agent.
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Interestingly, the Co2+/3+ absorption peak around 495 nm becomes more
pronounced over time even at very small concentrations, sych as 3.52 mM Co2+ +
0.53 mM Co3+, as shown in Figure 7.5(b). This was also accompanied by a
significant decrease in the Q-band absorption of PtTBTPP. Consequently, this will
significantly affect the sTTA-UC process efficiency and cause a limitation in the
ability to analyze the photoluminescence data at high Co2+/3+ concentrations.
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Figure 7.5: Absorption spectra of PtTBTPP solution at different concentrations of (a)
Co2+/3+ (a), (b) 3.52 mM Co2+ + 0.53 mM Co/3+ over time (c) I-/I3- (d) TPAA0/+ mediators
and (f) the neutral TPAA (e) shows the optical stability of the TPAA0/+ mediator over time.
The inset in (a) shows a zoom-in for the circled area, where the Q-band absorption feature
of PtTBTPP located.

7.4.2.5.

Anionic/Cationic Absorption and Photoluminescence

To rule out the possibility that the 675 nm emission is the result of emission from a
charge porphyrin, PtTBTPP anions and cations were produced and examined using
the spectroelectrochemical cell (SEC). Figure 7.6(a) shows that upon oxidizing
PtTBTPP at 1.6 V, the 610 nm Q-band absorption peak disappeared, in addition, a
blue-shift and significant decrease for the 430 nm Soret peak was also observed.
Furthermore, two broad absorption peaks have maxima at 595 nm and 490 nm have
been seen. On the other hand, reducing PtTBTPP (at -1.8 V) corresponds to a
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significant decrease in both the Soret- and Q-bands absorption peaks as well as the
appearance of two peaks centered around 665 nm and 480 nm.
Using the same device and applied potentials, the emission spectra of both the
anionic and cationic dyes were measured after excitation at 610 nm, as shown in
Figure 7.6(b). No emission was observed at 675 nm, and the 765 nm peak was
near-completely quenched for both the cationic and anionic dyes. This also
confirms that the PtTBTPP phosphorescence is almost completely quenched due to
the creation of the oxidized (cationic) and reduced (anionic) forms of PtTBTPP.
From this, the anionic and cationic species of PtTBTPP were also ruled out as the
origin of the 675 nm emission peak.
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Figure 7.6: In-situ (a) absorption and (b) emission spectra of PtTBTPP (excited at 610 nm)
of the neutral, oxidized (at 1.6 V), and reduced (at -1.8 V) states. 0.1 M TBAP was used in
the PtTBTPP solution as a supporting electrolyte.

As a significant decrease in the Q-band absorption, as well as a dramatic change
in emission spectra, of PtTBTPP was more noticeable with the Co2+/3+ mediator, it
was suspected that the formation of complexes, ligands or new product could be
identified using NMR. Therefore, NMR measurements of “Co2+/3+” , “PtTBTPP”
and “PtTBTPP + Co2+/3+” were performed, as will be shown in the following
section.
7.4.2.6.

NMR Measurements

Figure 7.7(a,b) shows the NMR data of “Co2+/3+” and “PtTBTPP” solutions a
control of the measurements, while Figure 7.7(c) shows the NMR data of the
“PtTBTPP + Co2+/3+” mixed solution. Figure 7.7(d) shows the NMR data of the
three solutions on one graph at full range.
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The Co2+/3+ redox mediator concentrations used to perform the NMR measurements
were chosen based on the PtTBTPP photoluminescence and the optical absorption
measurements. That is, changes such as the appearance of the 675 nm emission
signal (Figure 7.1(a) & Figure 7.3(b)) and the degradation of the Q-band
absorption of PtTBTPP sensitizer (Figure 7.3(a-b)) were clearly noted.
To check if the optical absorption changes of the “PtTBTPP + Co2+/3+” mixed
solution (Figure 7.3(a-b)) correspond to the formation of a new species/cobaltcomplexes, the initial NMR measurements of the mixed solution were collected and
re-measured after one week (Figure 7.7(e)). It was noted that some of the NMR
features at 7.87, 8.41 and 9.2 ppm, which can be only seen when zoomed-in in the
case of the “Co2+/3+” solution, grow and become more prominent over time in the
case of the mixed solution (Figure 7.7(e)).
These features are very similar to the 2,2'-bipyridine (bpy) ligands and bpycontaining metal complexes of Pt(II) [8]. This suggests that these features become
more prominent due to the formation of 2,2'-bipyridine, which could be coming off
the Co(bpy) mediator, as well as byp-Pt(II) complex due to the reaction between
the mediator and the PtTBTPP sensitizer. This explain the strong appearance, which
becomes more prominent at higher Co(bpy) mediator’s concentrations, of the 675
nm emission peak. It also explain the decrease of the 675 nm emission peak
origination from the PtTBTPP phosphorescence, as some of the PtTBTPP
porphyring is being consumed in the formation of the new Co(pby)-Pt(II) complex.
1

H NMR (400MHz, N,N-Dimethylformamide-d7) δ = 8.31 (m, 8H), 8.11 (m, 4H),

8.04 (m, 8H), 7.36 (m, 8H), 7.16 (m, 8H).
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Figure 7.7: NMR of (a) Co2+/3+ (88 mM Co2+ + 13.2 mM Co3+) and (b) PtTPTBP (1.5 mg
in 1 ml, 1 mM) solutions compared against (c) “PtTBTPP + Co2/3+” (2 µM PtTBTPP + 88
mM Co2+ + 13.2 mM Co3+) (d) “Co2/3+”, “PtTBTPP” and “PtTBTPP + Co2/3+” NMR spectra
overlapped (e) “PtTBTPP + Co2/3+” as a control and one week later. The NMR
measurements and data analysis were acquired with the help of Dr. Takeshi Mori.

7.4.2.7.

Cobalt Paramagnetism Effect on PtTBTPP Emissions

The dramatic change in PtTBTPP emission spectra, quenching of phosphorescence
and consequently a significant decrease in the sTTA-UC emission (as shown in
Chapter 6) by the presence of Co2+/3+ raises questions about the Co2+/3+ effects on
PtTBTPP emission.
Co2+ is known to be an effective luminescence quencher due to its paramagnetic
properties and strong activity [9, 10], which could be one of the main reasons for
the strong quenching of PtTBTPP phosphorescence by cobalt redox mediators, even
at very low concentrations. Co2+ paramagnetic properties can affect/change the
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spin-orbit coupling properties of PtTBTPP triplet state and cause fluorescence
emissions or deactivate the excited states by non-radiative quenching process [11].
Therefore, to examine if Co2+ paramagnetism is the major reason responsible for
this dramatic change in PtTBTPP excitation spectra or it originates from elsewhere,
PtTBTPP photoluminescence excitation spectra without and with two
concentrations of each of “Co2+ only” and “Co3+only” were measured at either 765
nm or 675nm, as shown in Figure 7.8(a-e). In Figure 7.8(a), it can be clearly seen
that the excitation spectra of PtTBTPP at 765 nm and 675 nm have a very similar
spectral shape despite the significant decrease in the emission intensity that occurs
when measuring at 675 nm signal. It was also observed that the excitation spectra
of PtTBTPP with cobalt mediators, either Co2+ or Co3+, at 765 nm have a similar
spectral shape to that of PtTBTPP. This was even observed if a significant decrease
in the emission intensity occurs when using cobalt mediators (Figure 7.8(b-e)).
Moreover, the excitation spectra of PtTBTPP with Co3+ at 675 nm emission showed
similar spectral features to these of the mediator-free.
On the other hand, the excitation spectra of PtTBTPP with Co2+ at 675 nm emission
was notably different, where the 675 nm emission is fairly featureless and increases
towards 650 nm (the upper limit of the measured range) (Figure 7.8(d, e)). This
strengthens the suggestion that Co2+ paramagnetic properties have a significant
effect on the PtTBTPP emission. This is to say that Co2+ could be causing nonradiative relaxation or deactivate the excited states of PtTBTPP sensitizer by the
non-radiative quenching process, which will clearly affect the sTTA-UC process
efficiency.
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Figure 7.8: Excitation spectra of 2.5 µM PtTBTPP without (a) and with 3.3 mM Co3+ (b), 13.2 mM Co3+ (c), 22 mM Co2+ (d), and 88 mM Co2+ (e) redox
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From the above experiments, it can be clearly seen that the three redox mediators
significantly quenched the PtTBTPP phosphorescence. That is, the emission
quenching of the PtTBTPP sensitizer could be due to charge transfer (Figure
7.9(a)) and/or energy transfer (Figure 7.9(b)) with the redox mediators. This could
also be due to the paramagnetism if cobalt mediators are in use. However, the use
of the neutral TPAA did not show the same quenching effect on PtTBTPP emission,
where the emission was only quenched by around 50 % (Figure 7.1(d)). It also
showed a negligible effect on the phosphorescence decay time (Figure 7.4(I)) and
the steady-state absorption (Figure 7.5(f)).
This confirmed the oxidation of the triplet excited sensitizers by the redox
mediators as the main process responsible for the emission quenching of PtTBTPP
sensitizer. This is shown by the circled dashed arrow in Figure 7.9(a).

Figure 7.9: Schematic illustration for the (a) electron transfer (e-T) and (b) energy transfer
∗
∗
(ET) between the excited states of the sensitizer and the redox mediator. . 𝑆𝑆1𝑆𝑆
, 𝑇𝑇1𝑆𝑆
𝑆𝑆 − , 𝑆𝑆 +

are the are the singlet excited, triplet excited, reduced and oxidized states of the PtTBTPP
0
+
+
∗
, 𝑆𝑆𝑚𝑚
, 𝑆𝑆𝑚𝑚
𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑚𝑚
are the ground, oxidized, reduced and excited
sensitizer, respectively. 𝑆𝑆𝑚𝑚

states of the redox mediator. e-T and ET are the electron and energy transfer, respectively.
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7.4.3. Redox Mediator Effects on BDCA Acceptor
In Chapter 6, BDCA prompt emission from the UC-3 solution was noted to be
affected by the redox mediator type and concentration. To fully understand this
behavior, the decay rate (k1) of BDCA prompt emission from BDCA singlet excited∗
state (𝑆𝑆1𝐴𝐴
) was studied, using the time-resolved spectroscopy, for the BDCA

solutions at different concentrations of the three different mediators as well as with
neutral TPAA, as shown in Figure 7.10(a-d).

The 𝑘𝑘𝑞𝑞 values of BDCA emission by the redox mediators ad the neutral TPAA can

then be determined from Stern-Volmer relationship [Equations (7.2) & (7.3)],
where:

Then;

ԏ0
𝐼𝐼0
� � = � � = 1 + 𝑘𝑘𝑞𝑞 ԏ0 [𝑄𝑄]
𝐼𝐼
ԏ

(7.2)

𝐼𝐼0
ԏ0
1
𝑘𝑘𝑞𝑞 = � ��ԏ0 [𝑄𝑄] = � ��ԏ0 [𝑄𝑄] = � ��[𝑄𝑄] = 𝑘𝑘1 ⁄[𝑄𝑄]
𝐼𝐼
ԏ
ԏ

(7.3)

𝐼𝐼0 , 𝐼𝐼, ԏ0 𝑎𝑎𝑎𝑎𝑎𝑎 ԏ are the emission intensities and lifetimes of BDCA without and with
the quencher [Q], respectively, and 𝑘𝑘1 is the BDCA time constant.

Therefore, after measuring BDCA prompt emission lifetimes with different redox
mediators at different concentrations, the time constants (k1) were calculated as (k1
= 1/ԏ), where ԏ is the lifetime at a particular concentration of the redox mediator.
𝐼𝐼

From this, the slope was obtained from a plot of k1 (or � 0 �) against the redox
𝐼𝐼

mediator concentration (as the emission quencher) and BDCA emission quenching
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rates (kq) were calculated. 𝑘𝑘𝑞𝑞 of BDCA emission due to TPAA0/+ redox mediator is
𝐼𝐼

calculated from the slope of � 0 � against TPAA0/+ concentration (Figure 7.10(c)),
𝐼𝐼

due to the instability of the TPAA+ species as was shown and explained earlier in
Section 7.4.2.4 (Figure 7.5(d)). This is because the uncertainty will be higher if the

time-resolved measurements were used, as they take longer time compared to the
steady-state emission ones. As the ratio of (Co2+: Co 3+) is (20: 3) in Co2+/3+, (I- : I3) is (14: 1) in I-/I3-, and (TPAA0: TPAA+) is (10: 1) in TPAA0/+ redox mediators,
thus k1 values were expressed as a function of Co2+, I-, and TPAA0.
𝐼𝐼

Plotting k1 or � 0 � against the redox mediator concentration and using the equations
𝐼𝐼

(7.5) or (7.6), kq values of 1 × 1010 M-1 s-1, 1 × 1011 M-1 s-1, 4.2 × 1010 M-1 s-1, and
6 × 109 M-1 s-1 for Co2+/3+, I-/I3-, TPAA0/+, and neutral TPAA respectively, were
obtained. With I-/I3- showing the highest kq for BDCA fluorescence, this explains
the significant BDCA prompt emission quenching behaviour in the case of UC-3
solution when I-/I3- mediator was used (as shown in Figure 6.4(b)), compared to
the other mediators (as seen in Section 6.3.3).
Moreover, the neutral TPAA (kq = 6 × 109 M-1 s-1) was shown to be an order of
magnitude less effective as a quencher than TPAA0/+ (kq = 4.2 × 1010 M-1 s-1). Given
that the only difference between neutral TPAA and TPAA0/+ is the oxidized state
(TPAA+) in the TPAA0/+, due to the addition of NOBF4 oxidizing agent. This
enhances that the BDCA quenching is mainly due to a charge transfer from BDCA
to the redox mediator. Co2+/3+ and TPAA0/+ mediators show similar kq values, which
is one order of magnitude lower compared to that obtained for I-/I3- mediator. These
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results confirm the BDCA prompt emission behaviour with the three mediators after
exciting the UC-3 solution at 450 nm (Section 6.3.3 in Chapter 6).
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Figure 7.10: The dependence of the BDCA fluorescence (excited at 470 nm) time constants
(k1) on (a) Co2+/3+ (b) I-/I3- and (c) TPAA0/+ mediators concentrations. The dashed line
represents a linear fit, yielding a BDCA fluorescence quenching rates (kq) of 1×1010 M-1 s1

(Co2+), 1×1011 M-1 s-1 (I-/I3-), and 4.2 × 1010 M-1 s-1 TPAA0/+ and 6×109 M-1 s-1 (TPAA).
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In principle, BDCA emission quenching could be due to e-T and/or ET with the
redox mediator as suggested by T. Ohno et al. and C.V. Krishnan et al. when they
used Co2+/3+ complexes with phthalocyanines and ruthenium(II) dyes [12, 13].
Based on the quenching rates of the BDCA prompt emission by the neutral TPAA,
which is 1-2 orders of magnitude less compared to those by the three redox
mediators, this put the e-T from the redox mediator to the BDCA as the dominant
process responsible for this quenching. This is beside the energy transfer (ET) when
they used Co2+/3+ complexes with phthalocyanines and ruthenium(II) dyes .
The BDCA prompt emission quenching by the neutral TPAA was 1-2 orders of
magnitude less compared to those of the three redox mediators. This put the
oxidation of the triplet excited acceptor by the redox mediators (in the case of the
UC solution) and/or the e-T from the redox mediator to the excited state of BDCA
(in case of “Only BDCA”) as the dominant processes responsible for this
quenching. This is shown by the circled arrows in Figure 7.11(a). This is beside the
ET from the acceptor to the redox mediator as another quenching pathway in the
case where BDCA is used as an emitter in the UC solution (Figure 7.11).
It should be also noted that referring to the ET and/or e-T from the BDCA acceptor
∗
triplet state (𝑇𝑇1𝐴𝐴
) to/from the redox mediator is an assumption to explain/understand

the behavior of BDCA emission within an UC solution in a redox mediator

∗
environment, where 𝑇𝑇1𝐴𝐴
is typically obtained after an ET from the PtTBTPP
∗
sensitizer excited triplet-state (𝑇𝑇1𝑆𝑆
) to the BDCA acceptor occurs. As the kq of

BDCA without mediators is ~ 1010 s-1, while the injection rate is ~ (1013 - 1014) s-1,
∗
this suggests that the 𝑆𝑆1𝐴𝐴
of BDCA will be less likely to be affected by the

quenching in sTTA-IB applications.
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Figure 7.11: Schematic illustration shows (a) electron transfer (e-T) and (b) energy transfer
(ET) between BDCA acceptor and the redox mediator. The schematic in (a) represents the
two cases of BDCA in “BDCA only” (only singlet state exists) and “UC” (both singlet and
∗
and 𝑇𝑇𝐴𝐴∗ are BDCA acceptor singlet and triplet-states,
tripled are formed) solutions. the 𝑆𝑆1𝐴𝐴

∗
∗
respectively. 𝑆𝑆1𝐴𝐴
, 𝑇𝑇1𝐴𝐴
𝑆𝑆 − , 𝑆𝑆 + are the are the singlet excited, triplet excited, reduced and

0
+
∗
oxidized states of the BDCA acceptor, respectively. 𝑆𝑆𝑚𝑚
, 𝑆𝑆𝑚𝑚
𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑚𝑚
are the ground,

oxidized and excited states of the redox mediator. e-T and ET are the electron and energy

transfer, respectively.

7.5. Conclusion
In conclusion, redox mediator type and concentration, particularly when using
Co2+/3+, showed a significant effect on both the BDCA acceptor and PtTBTPP
sensitizer emission intensities, and consequently, the sTTA-UC efficiency, as was
seen in Chapter 6. Additionally, I-/I3- mediators showed the lowest quenching rate
constants of the sensitizer’s excited state of 2.4 × 107 M-1 s-1, followed by 6.5 × 107
M-1 s-1 for TPAA0/+, while Co2+/3+ showed the highest (1.42 × 108 M-1 s-1). However,
using the neutral TPAA showed 2-3 orders of magnitude less quenching rate
constant (3.73 × 105 M-1 s-1).
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On other hand, quenching rates of the BDCA prompt emission of 1 × 1010 M-1 s-1,
1 × 1011 M-1 s-1, 4.2 × 1010 M-1 s-1, and 6 × 109 M-1 s-1 by the Co2+/3+, I-/I3-, TPAA0/+,/+
mediators and the neutral TPAA, respectively, were obtained. The different
quenching rates for different redox mediators are mostly explained by the difference
in the driving force between the sensitizer/acceptor molecule and the redox
mediators
It was concluded that the quenching of the PtTBTPP sensitizer excited triplet states,
and consequently the sTTA-UC emission, in the presence of redox mediators was
mainly due to the oxidation of the triplet excited sensitizer/acceptor by the redox
mediator. Additionally, ET between the redox mediator and the sensitizer/acceptor
was considered as a less effective pathway for the sTTA-UC emission quenching.
Further, based on the difference in the quenching behavior observed with the use of
“Co2+ only” and “Co3+ only” systems, the paramagnetic quenching of Co2+ cannot
be ignored. This is, however, could not be clearly distinguished from the effect of
the oxidized/reduced PtTBTPP as the emission was significantly quenched in both
cases. Studying the electric field effect on the sTTA-UC in the presence and absence
of the Co2+ and Co2+ would be useful in identifying the paramagnetism effects on
the UC emission. Moreover, high concentrations of Co2/3+ caused a dramatic change
in the PtTBTPP sensitizer emission and excitation spectra, as well as a significant
degradation of the Q-band absorption of PtTBTPP. The NMR data suggested that
this could be due to the reaction of Co(bpy) mediator with the PtTBTPP resulting
in the formation of 2,2'-bipyridine, as well as byp-Pt(II) complex. These results
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show that using Co(bpy) mediator is not the best option for sTTA-IB DSCs
integrated systems, however, using I-/I3- mediator would be promising.
This study also showed that sTTA-UC process is substantially affected in a redox
mediator environment and that this possesses a major challenge for sTTA-IB-DSCs
applications. However, using redox mediators with an optimized driving force,
where the quenching rate for both the acceptor and sensitizer are the lowest, could
help reducing the quenching effects and improve the sTTA-UC process yield for
sTTA-IB applications. The use of sTTA-UC in solid-state, where the probability of
the redox mediator reaching the sensitizer/emitter triplets is less compared to
conventional DSC, could help reducing the quenching effects of the sTTA-UC
process by the redox mediator.
7.6. References
1.
2.
3.

4.

5.
6.

Simpson, C., et al., An intermediate band dye-sensitised solar cell using
triplet–triplet annihilation. Physical Chemistry Chemical Physics, 2015.
17(38): p. 24826-24830.
Hutter, L.H., et al., Robust optical oxygen sensors based on polymer-bound
NIR-emitting platinum(ii)–benzoporphyrins. Journal of Materials Chemistry C,
2014. 2(36): p. 7589-7598.
Mahata, M.K., H.C. Hofsäss, and U. Vetter, Photon-upconverting materials:
advances and prospects for various emerging applications. Luminescence—
An Outlook on the Phenomena and Their Applications; InTech: Rijeka,
Croatia, 2016: p. 109-131.
Zach, P.W., et al., Electron-Deficient Near-Infrared Pt(II) and Pd(II)
Benzoporphyrins with Dual Phosphorescence and Unusually Efficient
Thermally Activated Delayed Fluorescence: First Demonstration of
Simultaneous Oxygen and Temperature Sensing with a Single Emitter. ACS
Appl Mater Interfaces, 2017. 9(43): p. 38008-38023.
Singh-Rachford, T.N. and F.N. Castellano, Supra-nanosecond dynamics of a
red-to-blue photon upconversion system. Inorganic chemistry, 2009. 48(6): p.
2541-2548.
Lebedev, A.Y., et al., Effects of structural deformations on optical properties
of tetrabenzoporphyrins: Free-bases and Pd complexes. The Journal of
Physical Chemistry A, 2008. 112(33): p. 7723-7733.

268

7.
8.
9.
10.
11.
12.

13.

Hao, Y., et al., A small electron donor in cobalt complex electrolyte
significantly improves efficiency in dye-sensitized solar cells. Nature
communications, 2016. 7: p. 13934.
Shen, W.-Z., G. Trötscher-Kaus, and B. Lippert, 1H NMR spectroscopic
identification of binding modes of 2, 2′-bipyridine ligands in complexes of
square-planar d 8 metal ions. Dalton Transactions, 2009(39): p. 8203-8214.
Mohandoss, S. and T. Stalin, A new fluorescent PET sensor probe for Co2+
ion detection: computational, logic device and living cell imaging
applications. RSC Advances, 2017. 7(27): p. 16581-16593.
Oter, O. and A.-C. Ribou, Quenching of Long Lifetime Emitting Fluorophores
with Paramagnetic Molecules. Journal of Fluorescence, 2009. 19(3): p. 389397.
Yang, W., et al., The fluorescence regulation mechanism of the paramagnetic
metal in a biological HNO sensor. Chemical Communications, 2015. 51(47):
p. 9616-9619.
Krishnan, C., et al., Homogeneous catalysis of the photoreduction of water. 6.
Mediation by polypyridine complexes of ruthenium (II) and cobalt (II) in
alkaline media. Journal of the American Chemical Society, 1985. 107(7): p.
2005-2015.
Ohno, T. and S. Kato, Electron-transfer reactions of excited phthalocyanines:
spin restriction on reaction rate of electron transfer and energy transfer to
cobalt compounds. The Journal of Physical Chemistry, 1984. 88(8): p. 16701674.

269

Chapter 8 Conclusions and
Outlook
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8.1.

Conclusions

The transmission of low energy photons is one of the major challenges facing
emerging photovoltaics (PV) technologies. sTTA-UC system is one of the
promising approaches to overcome this light-harvesting limit [1]. This is due to
their appreciable UC efficiencies at relatively low light intensities [2], strong
absorbance [3], incoherent nature as well as a broad absorption range [4, 5].
To date, a number of high quantum efficiency sTTA-UC systems have been
demonstrated, including at non-concentrated solar illumination intensity [6-11].
These are, however, yet to be successfully translated to high-efficiency SC devices
as the enhancement in the EQE of the SCs due to the integration of these systems
are still well below the reported UCQY values [3, 12-17].
Therefore, this thesis explored these issues and provided insight into the limitations
and challenges for the application purposes of these systems into UC-assisted and
UC-integrated SCs, specifically DSCs, as well as provided solutions to overcome
them. Some of these solutions are :
1) Introducing a new approach to accurately measure the chopped-light EQE of
SCs, particularly for the UC-assisted and integrated SCs.
2) Developing a model to predict the enhancement in the SCs performance due to
the integration of an UC system.
3) Studying the redox mediator effects (mechanisms and magnitude) on the sTTAUC emission using three different redox mediators near “device-relevant”
concentrations.
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The work presented in this thesis can be concluded as follows:
Chapter 4 introduced a new approach that allows for accurate measurements of the
chopped-light EQE of DSCs, especially due to the integration of UC systems as the
chopped-light does not allow the DSC to reach equilibrium. This in-turn causes an
underestimation of the DSC response when using a lock-in technique. The new
approach uses an exponential regression fitting to extrapolate the equilibrium
response from the DSC device. The approach was verified using Si PD as the DUT.
Furthermore, it was also used to analyze the EQE response of sTTA-UC-DS
integrated devices and the results demonstrated the proof-of-principle of the
developed approach.
𝑈𝑈𝑈𝑈
In Chapter 5, an optical model that predicts the current enhancement (Δ 𝐽𝐽𝑆𝑆𝑆𝑆
) of the

UC-assisted and UC-integrated solar cells has been developed. This is to explore
the reasons for these discrepancies between the high reported quantum efficiency
of sTTA-UC systems and their weak enhancement when integrated into SC devices
[6-11], as well as to provide insight into how improvements in the integrated device
engineering may improve this translation. The model uses the optical properties of
the components of the DSC-UC integrated devices.
The transmission and EQE of D149-DSC and 2d-DSC devices, which were used to
be integrated with UC-2 and UC-3, were studied at different TiO2 film thicknesses.
Optimum TiO2 film thicknesses of 2.5 and 10.3 µm were obtained for D149-DSC
and 2d-DSC devices, respectively. It was seen that 2d-DSC showed higher
𝑈𝑈𝑈𝑈
Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values than that of D149-DSC if they are integrated with either of the UC

systems, except the case in which both of the DSCs used a 2.5 µm TiO2 film and
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𝑈𝑈𝑈𝑈
UC-2 system, where “D149-DSC + UC-2” showed a slightly higher Δ 𝐽𝐽𝑆𝑆𝑆𝑆
than that

𝑈𝑈𝑈𝑈
of “2d-DSC + UC-2”. The highest Δ 𝐽𝐽𝑆𝑆𝑆𝑆
values obtained for D149-DSC and of 2d-

DSC were “34.3 ± 16.5 and “57.4 ± 10.5 µA/cm2, respectively, if UC-2 was used,
while “19.8 ± 3.1” % and “36.5 ± 6.1” % if UC-2 was replaced by UC-3.
A hypothetical 20 % enhancement in both the transmission and the EQE of the
optimized-real DSC in the Q-band absorption of the sensitizer and the UC emission,
𝑈𝑈𝑈𝑈
respectively, increased the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
by ~ 3 times compared to the optimized-real one.

𝑈𝑈𝑈𝑈
While red-shifting the sensitizer for 20- and 50 nm increases the Δ 𝐽𝐽𝑆𝑆𝑆𝑆
in the case

of “D149-DSC + UC-2” integrated system; however, extending this to 100 nm is

not as beneficial as 50 nm (although better than no or 20 nm redshift). This decrease
was found to be due to the noticeable decrease in the photon flux density at some
parts of the spectrum which significantly affects the amount of light absorbed by
the PdPQ4 sensitizer when red-shifted by 20, 50, or 100 nm. The results were also
similar when replacing the UC-2 by UC-3.
Red-shifting the sensitizer’s absorption in the case of “2d-DSC + UC-3” decreases
𝑈𝑈𝑈𝑈
the optimized-real Δ 𝐽𝐽𝑆𝑆𝑆𝑆
value; however, a slight increase was noticed in case of

“2d-DSC + UC-2” when 20 and 50 nm red-shifts were made, which was followed
by a decrease when a 100 nm red-shift was made. Furthermore, for the 2d-DSC, a
𝑈𝑈𝑈𝑈
110 nm blue-shift of the rubrene emission doubled the measured Δ 𝐽𝐽𝑆𝑆𝑆𝑆
value when

𝑈𝑈𝑈𝑈
UC-2 was used, while around 30 % increase in the optimized-real Δ 𝐽𝐽𝑆𝑆𝑆𝑆
was

obtained in case of blue-shifting the PMI by 130 nm in case of using the UC-3.

The developed optical model showed to be of a significant help in predicting which
UC system would be more suitable for integration with a given solar cell.
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In Chapter 6, the challenges and limitations face the integration of sTTA-UC in
IB-DSCs have been discussed and studied using the proxies of sTTA-UC solutions
in the presence of three different redox-active environments, specifically: iodidetriiodide (I-/I3-), cobalt(II/III) tris-bipyridine (Co(bpy)32+/3+) and tris(p-anisyl)amine
(TPAA0/+). In addition, the neutral TPAA was examined. This chapter showed that
the redox mediator type and concentration have a significant effect on the sTTAUC process efficiency, particularly when using Co2+/3+ and TPAA0/+ mediators, and
that the redox mediator dramatically quenches the UC emission even at relatively
low concentrations, compared to those used in conventional DSCs. However, 10 15 % of the UC emission can still be sustained when near-device relevant
concentrations of I-/I3- were used. To date, reports of sTTA-IB-DSCs have almost
exclusively used cobalt redox mediators. The results in Chapter 6 suggest that using
I-/I3-, may be more promising for sTTA-UC applications in the redox-active
environment.
Moreover, TPAA0/+ mediator was selected in this study as a representative of a new
generation of heavy element-free redox mediators. It was hoped that mediators only
containing light elements will help to minimize the UC emission quenching due to
weak spin-orbit coupling [18, 19] in heavy metal-free mediators. However, this did
not help in minimizing the UC emission quenching, it even has a similar effect as
Co2+/3+ mediator. This indicated that the UC emission quenching is mainly due to
the electron transfer from the redox mediator to the UC components. Furthermore,
the possible processes that could compete with sTTA-UC or sTTA-IB process in a
redox-active environment were discussed and summarized in Table 6.1.
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In Chapter 7, the effects of the redox mediators on the individual components of
the UC system, being the PtTBTPP sensitizer and BDCA acceptor, is explored in
further detail. All the possible processes that could compete with sTTA-UC or
sTTA-IB process in a redox-active environment were studied and discussed in detail
in order to determine what is/are the processes responsible for the significance
quenching of the UC emission.
It was found that redox mediator type and concentration showed a significant effect
on the BDCA acceptor and PtTBTPP sensitizer, where the emission was
dramatically quenched at higher mediator concentration. It was also found that I-/I3mediators showed the lowest quenching rate constants of the sensitizer’s excitedstate of 2.4 × 107 M-1 s-1, followed by 6.5 × 107 M-1 s-1 for TPAA0/+, while Co2+/3+
showed the highest (1.42 × 108 M-1 s-1). On the other hand, using the neutral TPAA
showed a quenching rate of 2-3 orders of magnitude lower. (3.73 × 105 M-1 s-1).
Comparing the quenching rates of either the PtTBTPP sensitizer or the BDCA
acceptor by the neutral TPAA and the TPAA0/+ redox mediator confirmed that the
emission quenching of the sensitizer and acceptor, consequently, the UC emission,
is mainly due to the electron transfer from the triplet excited sensitizer/acceptor to
the redox mediator. Additionally, the energy transfer between the redox mediator
and the sensitizer/acceptor was considered as a less effective pathway for the sTTAUC emission quenching.
Moreover, the different quenching rates of different redox mediators are mostly
attributed to the difference in the driving force between the sensitizer/acceptor
molecule and the redox mediators.
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Furthermore, the emission quenching behaviour of PtTBTPP sensitizer by “Co2+
only” and “Co3+ only” mediators was studied. From this, it was found that high
concentrations of Co2+ caused a dramatic change in the PtTBTPP sensitizer
emission and excitation spectra, as well as a significant degradation of the PtTBTPP
Q-band absorption. This confirmed that the emission quenching by Co2+
paramagnetism cannot be ruled out. Additionally, NMR data suggested that the
formation of 2,2'-bipyridine, as well as byp-Pt(II) complex due to the reaction of
Co(bpy) mediator with the PtTBTPP in the mixed solution. These results show that
using Co(bpy) mediator is not the best option for sTTA-IB DSCs integrated
systems, however, using iodine mediator could be promising. It was also showed
that the sTTA-UC process efficiency is highly affected in a redox-active
environment and that it would be challenging to have efficient sTTA-IB DSC
integrated devices.

8.2.

Outlook and Future Works

This thesis addresses a number of limitations and challenges face the development
of sTTA-UC and sTTA-IB solar cells. Some questions, however, remain
unanswered, as well as some new research directions have been identified as
follows:
 Further improvements of the developed EQE software to implement this new
approach are still required. It can also be extended to measure the chopped-light
EQE of current and future SCs that have similar response behavior to the DSC
devices. Moreover, the application of the new approach used in the developed
EQE software is not restricted only to SCs applications as it can also be used to

276

other systems that show a slow response to the incident light intensity or other
external inputs, where using a lock-in detection techniques leads to a significant
underestimation of the generated signal, particularly at higher frequencies.
 The use of FTO glass with high transmission (> 90 %), as well as improving the
SC transmission and can significantly enhance the relative UC enhancement of
the SC-UC integrated systems.
 In addition, the integration of a 50 nm red-shifted PdPQ4, such as PdPQ4NA with
rubrene as a new sTTA-UC system with a D149-DSC (2.5 um TiO2) is predicted
to double the reported FoM of the photogenerated current due to the sTTA-UC.
Furthermore, the synthesis of a 100 – 120 nm blue-shifted emitter (as compared
to rubrene or PMI) to be used with PdPQ4 is also predicted to double the
photogenerated current of the 2d-DSC due to the sTTA-UC.
 Further development of the optical model used in this thesis to calculate PRUCE
to account for the re-absorption of the UC light by the sensitizer, as well as the
emitter, is required.
 The use of Co2+/3+ mediator in DSC-sTTA-IB should be replaced by I-/I3-, to
obtain a better enhancement in the photogenerated current due to the sTTA-UC
process.
 This thesis showed that sTTA-UC processes are considerably affected in a redox
mediator environment, based on the three different redox mediators that were
investigated. It was also found that different redox mediators, as well as different
concentrations, have different impacts on quenching the sTTA-UC process.This
possesses a major challenge for sTTA-IB-DSCs applications. This suggests that
the right combination of the redox potentials of the mediators and the energies
of the UC components (i.e. acceptor and sensitizer) should be able to work with
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minimal quenching effects for the sTTA-UC process, and consequently improve
the efficiency sTTA-UC for sTTA-IB applications.
 The use of sTTA-UC in solid-state, where the probability of the redox mediator
reaching the sensitizer/emitter triplets is less compared to conventional DSC,
could help to reduce/avoid the quenching of the sTTA-UC process by the redox
mediator.
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